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Abstract. It is well known that stop codons play a
critical role in the process of protein synthesis.
However, little effort has been made to investigate
whether stop codon usage exhibits biases, such as
widely seen for synonymous codon usage. Here we
systematically investigate stop codon usage bias in
various eukaryotes as well as its relationships with
its context, GC3 content, gene expression level, and
secondary structure. The results show that there is a
strong bias for stop codon usage in different
eukaryotes, i.e., UAA is overrepresented in the
lower eukaryotes, UGA is overrepresented in the
higher eukaryotes, and UAG is least used in all
eukaryotes. Different conserved patterns for each
stop codon in different eukaryotic classes are found
based on information content and logo analysis.
GC3 contents increase with increasing complexity of
organisms. Secondary structure prediction revealed
that UAA is generally associated with loop struc-
tures, whereas UGA is more uniformly present in
loop and stem structures, i.e., UGA is less biased
toward having a particular structure. The stop co-
don usage bias, however, shows no significant rela-
tionship with GC3 content and gene expression level
in individual eukaryotes. The results indicate that
genomic complexity and GC3 content might con-
tribute to stop codon usage bias in different
eukaryotes. Our results indicate that stop codons,
like synonymous codons, exhibit biases in usage.
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Additional work will be needed to understand the
causes of these biases and their relationship to the
mechanism of protein termination.
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Introduction

Termination of protein synthesis, one of the most
important steps in gene expression, mainly involves
stop codons, release factors, and the ribosome
(Kisselev et al. 2003). In general, when one of the
there stop codons is translocated into the ribosomal
A-site and decoded by the release factor, the termi-
nation process is triggered. But the mechanism for the
coexistence of three alternative stop codons in the
same organism still remains unclear. In 1988, Sharp
and Bulmer (1988) investigated the frequency of stop
codons in several bacteria and yeast using the limited
sequence data available at the time. With many
eukaryotic sequences now available, it is possible to
examine stop codon usage bias across a much
broader phylogenetic scale.

Though stop codons play a key role in the process
of protein synthesis, it has been shown that trinu-
cleotides (stop codons) alone are insufficient for effi-
cient translation termination (Tate et al. 1996).
Nucleotides in both the upstream region (i.e., the
coding region) and the downstream region (i.e., 3’
uncoding region) around stop codons are signifi-
cantly biased and affect gene translation efficiency in
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Table 1. The numbers and groups of the analyzed sequences from 3UTRdb-15

Species UAA UGA UAG Gene Number Gene Number in 3UTRdb
Fungi 1032 425 458 1915 1946
Invertebrate 5467 3022 2685 11174 11413
Plant 6232 6933 3516 16681 16882
Other vertebrate 2520 2693 1332 6545 6695
Other mammal 1334 2169 1067 4570 4805
Rodent 3541 6406 2976 12923 13391
Human 5563 9811 4438 19812 20196
Total 25689 31459 16472 73620 75328

many ecukaryotes (Cassan and Rousset 2001;
McCaughan et al. 1995; Mottagui-Tabar and Isaks-
son 1997; Namy et al. 2001). Therefore correlation of
characteristics of sequence patterns around stop co-
dons with stop codon usage would provide clues for
understanding the stop codon usage bias.

In fact, three stop codons have the same function
in the termination process so they can be regarded as
synonymous codons too. Previous research on
synonymous codon usage often analyzed GC3 con-
tent (the GC level at their third codon positions) and
gene expression level to reveal the correlation be-
tween codon bias and gene expression level or GC
content and, further, to investigate the effectiveness
of natural selection (Duan and Antezana 2003; Duret
and Mouchiroud 1999; Gillespie 2000; Herbeck et al.
2003; Kliman et al. 2003; Vinogradov 2003). In
addition, when a stop codon enters the ribosome and
triggers the termination process, it must interact with
proteins or/and rRNA, thus it might be informative
to know the structural features of the three nucleo-
tides within a stop codon.

In the present work, we systematically studied
stop codon usage bias in various eukaryotes as well
as its relationships with its context, secondary
structure features, GC3 isochores, and gene expres-
sion level. The results show that UAA is overrepre-
sented in eukaryotes with lower complexity, while
UGA is overrepresented in eukaryotes with higher
complexity. Different conserved patterns around
each stop codon in different eukaryotic classes were
found. GC3 contents increase with increasing com-
plexity of organisms. Secondary structure prediction
revealed that UAA is generally associated with loop
structures, whereas UGA is more uniformly present
in loop and stem structures, i.e., UGA is less biased
toward having a particular structure. Stop codon
usage bias, however, shows no significant relation-
ship with GC3 contents and gene expression level in
individual eukaryotes.

The results indicate that the genomic complexity
and GC3 content might contribute to the stop codon
usage bias in different eukaryotes. They also indicate

that stop codons, like synonymous codons, exhibit
biases in usage. Additional work will be needed to
understand the causes of these biases and their rela-
tionship to the mechanism of protein termination.

Materials and Methods

Sequence Retrieval

In order to accurately determine the position of the stop codon in a
sequence, we first downloaded 3’ untranslated sequences from the
3UTRdb-15 database (Pesole et al. 2002). The database is spe-
cialized for 3’ untranslated sequences of genes in eukaryotic
organisms and eukaryotic viruses. In order to determine the up-
stream context of stop codons, we abstracted the accession num-
bers from the above data and downloaded the corresponding CDSs
(complete coding sequences) from EMBL (Stoesser et al. 2003)
through the sequence retrieval system (SRS) (entries without
counterparts in EMBL were deleted). All sequences were sorted the
same as the UTRdb databank classes (viral sequences discarded).
Sequences of each class were sorted into UAA group genes, UAG
group genes, and UGA group genes, respectively, according to the
stop codon types. The numbers and classes of all sequences ana-
lyzed are listed in Table 1.

Because each organism has its own codon usage table, it is
necessary to select a representative for each class when measuring
the gene expression level. Therefore we selected five model organ-
isms, i.e., fission yeast, fruit fly, thale cress, zebrafish, and mouse,
and human for each class except for the “other mammal” class.
The gene sequences of these six organisms were downloaded from
the corresponding databases (Table 2).

Calculation of Synonymous Codon Usage Value

The relative synonymous codon usage (RSCU) value is often used
to compare synonymous codon usage bias among different genes or
organisms (Sharp et al. 1986). In fact, three stop codons share the
same function during the process of protein synthesis so they can
be regarded as synonymous codons. So we used the modified
RSCU formula to study the stop codon bias in seven eukaryotes
classes, which is represented as:
Xi

RSCU; = —

X;
i

Qf—

i

where i = UAA, UAG or UGA and X; is the number of occur-
rences of stop codon i.
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Table 2. Analyzed CD numbers and gene expression level, GC3 content, and resources of five model organisms and human

Gene Number

Gene expression level

GC3 content (mean %)

Species Total UAA UAG UGA UAA UAG UGA UAA UAG UGA Data resource

Fission yeast 4,853 2,836 1,043 974 0.7026 0.6995 0.6983 0.3386 0.3389 0.4289 Sanger Center

Thale Cress 28,577 1,0168 6,041 12,368 0.7716 0.7704 0.7719 0.4287 0.4305 0.4289 Arabidopsis thaliana Columbia
Fruit fly 7,030 2,818 2,272 1,940 0.7290 0.7309 0.7266 0.5820 0.5886 0.5879 Genepredictions

Zebrafish 3265 1,190 596 1,479 0.7900 0.7900 0.7898 0.5807 0.5871 0.5866 ZGS in GenBank

Mouse (44 tissues) 5,084 1,317 1,153 2,614 0.4022 0.3939 0.4040 0.5735 0.6181 0.6213 GPL81 in GEO

Human (30 tissues) 6,024 1,703 1,356 2,965 0.3929 0.4034 0.3976 0.5516 0.6389 0.6408 GPLII in GEO

Calculation of Information Content and Logo Analysis

In order to analyze nucleotide patterns around stop codons, we

extracted neighboring sequences (50 nucleotides upstream and 50

nucleotides downstream) around stop codons. To locate the

position of the highly conserved pattern around each translation

termination site, we calculated the information content (Schnei-

der et al. 1986) for each position with respect to the stop codons.
Information content is calculated as follows:

Pir
Z Piry logz%

i=AT,C.G i

H(L) =

where L is the position with respect to the stop codon, Py; ) is the
average probability of nucleotide 7 in the genes being analyzed, and
P; is the random average probability of each of the four nucleotides
appearing.

Based on the conserved regions derived from information
content analyses, logo analyses were performed on the 20
nucleotides around stop codons using the Web site tool,
WebLogo (Crooks et al. 2004), which can generate graphical
representations of the patterns within a multiple sequence
alignment.

Calculation of Gene Expression Level and GC3
Content

When measuring gene expression level, we used the codon adap-
tation index (CAI) as the indicator for less complex organisms such
as fission yeast, fruit fly, thale cress, and zebrafish (Sharp and Li
1987). We applied the program Cai in the EMBOSS package
(version 2.8.0) (Rice et al. 2000) to create an individual codon usage
table for each organism and calculated the corresponding CAI
value of each gene.

However, it is not suitable to use the CAI to estimate the
gene expression level for more complex organisms such as mouse
and human since it has been shown that highly expressed ver-
tebrates genes do not display high codon usage bias (Duret
2002). Thus for mouse and human we used the tissue number
relative probability (Arhondakis et al. 2004; Konu and D.Li
2002) calculated from microarray data to estimate the gene
expression level. Affimatrix GPL91 of human and Affimetrix
GPL81 of mouse were downloaded from Gene Expression
Omnibus in GenBank. A gene was regarded as expressed if its
signal level exceeded a conservative threshold of 200 arbitrary
units (Su et al. 2002). The tissue number relative probability was
calculated as the number of tissues that a gene expressed / the
total number of tissues. The data on characterized genes ex-
pressed in at least one normal tissue were used (Table 2). The
samples and replicates representing the same tissue were aver-
aged.

Prediction of Secondary Structure

We used 50 nucleotides, including the termination site (23 upstream
nucleotides and 24 downstream nucleotides) of all CDSs, to predict
the secondary structures using the RNA secondary structure pre-
diction program, Vienna RNA Package 2.0, with the default
parameters (including the temperature parameter 37°C for all
species) (Hofacker 2003). Then we statistically analyzed the states
of the three nucleotides of the stop codon on the predicted sec-
ondary structures. Each nucleotide is either within the loop
(abbreviated L) or within the stem (abbreviated S), so there may be
eight states for three nucleotides, abbreviated LLL, LLS, LSL,
LSS, SLL, SSL, SLS, and SSS, respectively.

The statistical analyses of all data were analyzed using the
software Matlab 6.5.

Results

Stop Codon Usage Bias in Eukaryotes

The usage of three stop codons in seven eukaryotic
organism classes varies as revealed by the RSCU
values in Fig. 1. Variance analysis showed that the
three stop codon usages are significantly different
among seven eukaryotic classes (p <0.01) and coeffi-
cient correlation analysis showed that there is a
highly negative correlation between UAA usage and
UGA usage (R = -0.9925). Statistically, codon
UAA is overrepresented in less complex eukaryotes
such as yeast and invertebrate; stop codon UGA is
overrepresented in more complex eukaryotes, espe-
cially in vertebrates; and stop codon UAG is less used
in all organisms compared with UAA and UGA.
Relative to the preferred stop codon, the two other
stop codons, UGA and UAG in yeast and inverte-
brates and UAA and UAG in other mammals,
basically have no difference in their usages. Interest-
ingly, in plants and other vertebrates, although UAG
is least used, UGA and UAA are essentially equally
used. All the observations indicate that different
organisms select their own preferred stop codon.
Moreover, this kind of selection gradually changes
from fungi to human, namely, the usage of stop co-
don UAA gradually decreases from less complex
organisms to more complex organisms, while the



Fig. 1. RSCU values of three stop codons in various
eukaryotes. The vertical axis represents the RSCU value of the
stop codon. The horizontal axis represents the seven species.
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Information content values of 100 nucleotides around the

Fig. 2.
stop codons in seven classes of eukaryotes. Information content
values of the three stop codons were 2, but for mapping conve-
nience, the information contents of the stop codon is designated 0.
The vertical axis represents the information content values. The
horizontal axis represents the nucleotide position, that is, —1 means

usage of stop codon UGA gradually increases from
less complex to more complex organisms.
Conserved Patterns Around Stop Codons

Since each class of eukaryotes selects its individual
preferred stop codons, it is natural to ask if there exist

immediately before the stop codon, while +1 means immediately
after the stop codon; 0 indicates the position of the second nucle-
otide of the stop codon. The blue curve represents the UAA group
genes, the green curve represents the UAG group genes, and the red
curve represents the UGA group genes.

different conserved patterns around different stop
codons and, if so, where they are and what they are.
To answer these questions, we analyzed the
information content of each position around stop
codons in seven eukaryotic classes (Figure 2). Vari-
ance analysis of the information content values of 100
positions showed that not only are the information
content values of the three stop codon groups in each
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Fig. 3. Logo analyses of 20 nucleotides around the stop codon
(including the stop codon) in seven classes of eukaryotes. The
vertical axis represents the conservation at a certain position
(measured in bits) (Crooks et al. 2004). The highest bit is 2 for the
stop codon position. For mapping convenience, the stop codons
were removed from the resultant map. The horizontal axis repre-
sents the nucleotide position around the stop codon. Here the

class significantly different (p <0.01), but also the
information content values of the same stop codon
groups in seven eukaryotic classes are significantly
different (p<0.01). Further analyses revealed that
these differences are mainly caused by the first posi-
tion in the downstream region (+ 1 position) and the
last two positions in the upstream region (—1 position
and -2 position), as their information content values
are much higher than those of other positions.
Therefore, these positions have more conserved se-
quence patterns than other positions do.

In order to determine which nucleotide is the
main contributor to the high information content
value, we conducted logo analysis on only 20 nu-
cleotides around the stop codon (including the stop
codon) (Fig. 3). Figure 3 shows that the bits which
indicate the sequence conservation for the four nu-
cleotides A, T, G, and C at the last two positions in
the upstream region (referred to as the —1 and -2

positions of the three nucleotides of the stop codon are indicated as
—1, 0, and 1; the last two nucleotides upstream are —2 and —3; the
first nucleotide downstream is 2; and so on. In the text, however,
for consistency with the description of the information content, the
last two nucleotides upstream are indicated as —2 and —1, the first
nucleotide downstream is + 1, and so on.

positions hereafter, but corresponding to the —2 and
-3 positions in Fig. 3) and the first position in the
downstream region (+ 1 position, but corresponding
to the +2 position in Fig. 3) around preferred stop
codons in various classes are significantly different.
In fungus, invertebrate, and plant classes, the bits of
nucleotide A at both the —1 position and the +1
position around the preferred stop codon UAA are
highest. In other mammal, rodent, and human
classes, the bit of nucleotide C at the —1 position
and the bit of nucleotide G at the +1 position
around the preferred stop codon UGA are highest.
However, in other vertebrates, the bits of nucleotide
A at the —2 position and the bits of nucleotide C at
the —1 position are highest, and the bit of nucleotide
G at the +1 position is highest. Thus different
conserved patterns for each stop codon in different
eukaryotic classes can be deduced from the above
observations.
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Fig. 4. The secondary structure types of the three nucleotides of the stop codon in various species. The horizontal axis represents the types
of secondary structures. The vertical axis represents the frequencies of the secondary structure types.

Figure 3 also shows that the bits of the conserved
positions around stop codon UAA become smaller
and smaller from fungi to human, while, on the con-
trary, the bits of the conserved positions around stop
codon UGA become larger. In addition to the dif-
ference in conserved patterns among different classes,
the conserved patterns of the three stop codon groups
in the same class also differ. Except for the plant and
fungus classes, the bits of conserved patterns around
the preferred stop codons are higher than for the other
two codon groups. These results indicate that the
conserved patterns around the stop codon have a
certain relationship with stop codons bias, namely, for
each organism, the preferred stop codon has its own
special preferred conserved pattern around itself.

Relationships Among Stop Codon Usage, GC3
Content, and Gene Expression Level

Table 2 presents the average GC3 contents and
average gene expression level indicator values for
different stop codon groups of the five model
organisms and human. In the same organism the
GC3 content does not differ significantly among the
three stop codon groups (p > 0.05), whereas the GC3
content increases more and more from fungi to hu-
man. Table 2 also shows that the average gene
expression level among the three stop codon groups
in the five model organisms and human does not
differ significantly (p >0.05).

Predicted Secondary Structures of Stop Codons

Figure 4 presents the statistic analysis of the pre-
dicted secondary structure states of the three nucle-
otides of stop codons in seven eukaryotic classes.
Variance analysis showed that the secondary struc-
ture states of the three stop codons are significantly
different in each class (p < 0.01), while there are no
significant differences among the seven eukaryotic
classes(p > 0.05). The three nucleotides of stop co-
don UAA are mainly located at the loop; the three
nucleotides of stop codon UAG appeared mainly as
three states, LLL, LLS, and SSS, respectively; and
the three nucleotides of stop codon UGA appeared
mainly as five states, LLL, LSS, SLL, SSL, and SSS,
respectively. This indicates that different propensities
of the three stop codon bases exist, i.e., UAA is
biased toward being located within loop structures,
whereas UGA is less biased toward having a partic-
ular structure.

Discussion

It is well known that translation termination codons
(stop codons) trigger the termination of protein syn-
thesis and most organisms have three stop codons. It
is natural to ask whether the three alternative termi-
nation codons are used equally in all organisms. To
answer this question, Sharp and Blurmer (1988)



examined the usage frequency of three stop codons in
165 Escherichia coli genes, 52 Bacillus subtilis genes,
and 106 Saccharomyces cerevisiae genes. They found
that stop codon UAA was the most preferred stop
codon in these genes and proposed that such selection
could result from the greater availability of a UAA-
cognate release factor(s) or from a less complex
frequency of translation readthrough at UAA.

Previous studies have revealed that both the
among-gene variance in expression-associated selec-
tion and compositional bias contribute to variance
in codon usage in Drosophila melanogaster and hu-
man (Duret 2002; Kliman and Hey 1994; Knight et
al. 2001; Maside et al. 2004; Sueoka and Kawanishi
2000). Here we symmetrically investigated the stop
codon usage in various eukaryotes and tried to
determine the reason for the bias in eukaryotes. The
frequencies of the three stop codon usages in various
eukaryotes are indeed different as described under
Results. The change tendency of the preferred stop
codons and conserved patterns around the stop co-
dons from yeast to human suggested that the
selection of preferred stop codons in different
organisms might be related to the complexity of the
organisms. It is difficult to draw a conclusion about
the relationship between stop codon usage biases
and molecular evolution, as the various eukaryotes
analyzed here have no strict evolutionary relation-
ship. However, reclassifying the sequence data based
on the evolutionary relationships of the organisms
to which the individual sequences belong might re-
veal whether stop codon usage biases are driven by
evolution. Our results that GC3 contents increase
from yeast to human also indicate that composi-
tional bias might contribute to the stop codon usage
bias in various eukaryotes as that did to synony-
mous codons usage bias (Knight et al. 2001; Sueoka
and Kawanishi 2000).

It has been observed that the nucleotides sur-
rounding stop codons affect the efficiency of trans-
lation termination in Escherichia coli, Saccharomyces
cerevisiae, and mammals (Bonetti et al. 1995;
McCaughan et al. 1995; Mottagui-Tabar and Isaks-
son 1997; Mottagui-Tabar et al. 1998). And Brown
et al. 1990 suggested that tetranucleotides signal the
termination of protein synthesis in eukaryotes. Our
results show that the context of stop codons has
conserved sequence patterns and the termination
signals may contain more than four nucleotides.

Additionally, our results provide a glimpse of the
changes in context from less complex to more com-
plex eukaryotes. The difference between upstream
and downstream conserved nucleotides indicates that
these conserved nucleotides play different roles dur-
ing the process of protein synthesis in different
eukaryotes.
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It is well known that highly expressed genes exhibit
a strong bias for particular synonymous codons in
many bacteria (Karlin et al. 1998, 2001) as well as in
less complex eukaryotes (Akashi 1994; Coghlan and
Wolfe 2000). But few studies have been done on the
relationship between stop codon usage and gene
expression level in eukaryotes. There is no universal
indicator for gene expression level measurement in
various organisms. Here we used the codon adapta-
tion index (CAI) as the indicator for less complex
organisms, such as fission yeast, fruit fly, thale cress,
and zebrafish, and the tissue number relative proba-
bility calculated from microarray-based data to esti-
mate the gene expression level in human and mouse.
Our data revealed an obvious bias in stop codon
usage in different eukaryotes; the gene expression le-
vel, however, showed no obvious relationships with
the stop codon bias in eukaryotes. These results
might be explained if the stop codon just triggers the
termination of the protein synthesis process and is
not the major determinant of the accuracy and effi-
ciency of protein synthesis, which might be deter-
mined by the context around the stop codon and
interaction between the termination signal and re-
lease factors and the ribosome.

Despite considerable progress in the study of
translation termination, many details are still unclear,
especially the subtle difference in the three stop co-
dons. The use of a reconstituted translation system
and high-resolution crystal of ribosome in complex
with releasing factor will be necessary to understand
the translation termination mechanism more fully.
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