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in SARS coronavirus and other viruses in Coronaviridae
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Abstract: The synonymous codon usage in the translational initiation and termination regions of genes of severe

acute respiratory syndrome ( SARS) coronavirus and five other viruses in Coronaviridae was systematically

analyzed. The results indicate that most minor codons for these coronaviruses are preferentially used in the initial

and terminal region. The minor codons preferentially used in the initial region are thought to have a negative

effect on gene expression, which can be explained by the minor codon modulator hypothesis. It also indicates

that the minor codons preferentially used in the terminal region may regulate the level of gene expression. The

proposed results strongly imply that the minor codon modulator hypothesis can be applied to both some bacteria

and some viruses.
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Due to the degeneracy of genetic code, most ami-
no acids are coded by more than one codon ( synony-
mous codon) . Studies of the synonymous codon usage
can reveal information about the molecular evolution
of individual genes and provide data to train genome-
specific gene recognition algorithms which recognize
protein coding regions in uncharacterized genomic
DNA. It has also been reported that synonymous co-
dons are not used equally both within and between ge-
nomes'"". Codon usage bias may result from various
factors. Base composition constraints and translation
selection are thought to be the main factors accounting
for codon usage variation among genes in different or-
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ganisms'> Y

. The diverse patterns of codon usage in
mammals may arise from compositional constraints of
the genomes. In contrast, in some unicellular organ-
isms, such as Escherichia coli and Saccharomyces cer-
evisiae, high expressed genes have a strong selective
preference for codons which are recognized by most
abundant tRNAs, whereas low expressed genes display
a more uniform pattern of codon usage. In some recent
research, codon usage was found to be related to gene
function”' and protein secondary structure'® . Further
analysis found that synonymous codon usage pattern
varied at different sites along a coding sequence'” . In
many bacterial species, such as Deinococcus radio-
durans, Haemophilus influenzae, and Methanobacteri-
um thermoautotrophicum, some minor codons are
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preferentially used near the initiation codon''. These
minor codons are thought to play an important role in
gene expression.

Severe acute respiratory syndrome ( SARS) is a
respiratory disease that has been reported in Asia,
North America, and Europe. The whole genome of
SARS coronavirus has been sequenced, which contains
29 727 nucleotides and the genome organization is
similar to that of other coronaviruses'” . Sequence and
phylogenetic analysis have revealed that this corona-
virus is only moderately related to other known coro-
naviruses''”'.

Although genome sequence of SARS coronavirus
has been published and many studies have been per-
formed on SARS coronavirus in recent months, little
genomic analysis is available on this virus. In this
study we have used the available complete gene se-
quences and analyzed the codon usage patterns in the
translational initiation and termination regions of
SARS and other coronaviruses. Codon usage data of
SARS coronavirus and the comparison results might
give some clues to the features of SARS coronavirus
genome.

1 Materials and Methods

1.1 Nucleic acid data set

SARS coronavirus (SARSCoV) is a large, enve-
loped, positive-stranded RNA virus, which belongs to
order Nidovirales, family Coronaviridae, genus Coro-
navirus in virus taxonomy'”'. The complete genome
and coding sequences of SARSCoV TOR?2 isolation
were obtained from GenBank ( accession NC
004718). To compare the codon usage bias among
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different viruses, coding genes of five other viruses
belonging to genus Coronavirus were also parsed from
GenBank. They were bovine coronavirus (BCoV, ac-
cession AF220295), avian infectious bronchitis virus
(AIBV, accession NC 001451), human coronavirus
229E (HCoV-229E, accession NC _ 002645), porcine
epidemic  diarrhea  virus ( PEDV, accession
NC 003436) and transmissible gastroenteritis virus
(TGV, accession NC _002306).
1.2 Relative synonymous codon usage

To examine synonymous codon usage without the
confounding influence of amino acid composition of
different gene samples, the values of relative synony-
mous codon usage frscy Of different codons in each
genome have been calculated. The fyso; value of the
j-th codon for the i-th amino acid is calculated as'

nj
s,././ 2 Sij
=

fRSCUij: T”l, (1)

where s is the observed number of the j-th codon for
the i-th amino acid which has n, type of synonymous
codons. It is obvious that fi, values close to 1. 0 in-
dicate a lack of bias for the corresponding codon.
1.3 Analyzing codon usage in given regions

To analyze the codon usage of given regions in
coding sequences, we define a variant of position balance
of codon usage fiscy- frscy Values are calculated as'™

Jencu =10g(%) =1Og(Z;\?k]) (2)
where k is the width of the given region, n, is the total
number of certain codons in the given region for all
the coding sequences in one genome, N, is the total
number of corresponding amino acids in the given re-
gion, n is the total number of certain codon in all se-
lected sequences of the genome, and N is the total
number of corresponding amino acids in these se-
quences. Codons with fio, values much lower than
1. 0 are thought to be minor codons. It is obvious that
Jeecu values close to zero indicate a lack of bias for the
corresponding codon used in the given region.

We focused on the initial region from the transla-
tional initiation site to the 30-th downstream codon
and the terminal region from the translational termina-
tion site to the 30-th upstream codon. The f,,, values
of these regions were calculated. The fys-, values of
the corresponding genome were also calculated to
compare with the fpz., values.

2 Results and Discussion

2.1 Codon usage near translational initiation site
Fig. 1 shows the relationship between fiq-,(using

the whole genomes) and fypcy for SARSCoV and the
other five coronavirus species. Each dot represents a
codon. A high f,;., value indicates that the corre-
sponding codon is more preferentially used in the
translational initiation region.
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Fig.1 The relationship between frsc, and fipcy Of the ini-

tial translation region. (a) SARSCoV; (b) AIBV; (c) BCoV;
(d) HCoV-229E; (e) PEDV; (f) TGV
Our study shows that f,;., values for some co-
dons are large while their fysc, values are small. This
means that these codons are minor codons in the
whole genome, while they are preferentially used in
the translational initiation site rather than in the rest of
the gene in various viruses. These results are partially
consistent with the previous report where several bac-

. . 3
teria genomes are studied'®' .

Codons with high f,z, values (larger than 1) in
various organisms are listed in Tab. 1. All listed co-

Tab.1 Preferentially used codons in initial region

in various organisms

Organism  Amino acid Codon Jfrscu Jeecu
Pro CCC 0.40 1.52

SARSCoV Ser UCG 0.23 1.02
Arg CGG 0.09 1. 69

Gly GGA 0.84 1.30

AIBV Ser ucc 0.19 1.50
Arg CGG 0.19 1.87

Ala GCG 0.11 1. 18

TGV Gly GGA 0.71 1.13
Ser ucc 0.43 1. 66

Ser ucc 0.44 1.11

BCoV Arg CGG 0.32 1.21
Gly GGG 0.11 1.72

HCoV-229E Leu CUA 0.39 1. 18
Phe uuc 0.37 1. 10

Cys UGC 0. 65 1. 12

Ser UCG 0.26 1.08

PEDV Arg CGG 0.22 1.37
Arg AGG 0.91 1.04
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dons are minor. In other words, the frs, values of
these codons are lower than 1. This phenomenon is es-
pecially evident in codons CCC coding for Pro and
CGG coding for Arg in SARSCoV, UCC coding for
Ser and CGG coding for Arg in AIBV, UCC coding
for Ser in TGV and GGG coding for Gly in HCoV-
229E. They exhibit extremely high fipo, values and
considerablely low fps; Vvalues indicating that these
minor codons are thirty- to sixty-fold more preferen-
tially used in the initiation site than in the rest of the
coding sequence. Similarly, codons GGA coding for
Gly in AIBV, CGG coding for Arg in BCoV and
CGG coding for Arg in PEDV also have very high
Jyecu values that correspond to more than fifteen-fold
higher frequency in the initiation site than in the rest
of the gene.

It has been previously reported that codon usage
bias in SARSCoV is slight, which is mainly deter-
mined by the base composition on the third codon po-
sition. Compositional constraints can explain most of
the variation of synonymous codon usage among the
coronavirus genes, whereas translational selection may
have little effect on the codon usage pattern''!. How-
ever, the present study shows that translational selec-
tion may also have effect on codon usage in SAR-
SCoV and other viruses in Coronaviridae, because mi-
nor codons near the initiation codon may play a role
in regulating gene expression. Since even a single mi-
nor codon in the initiation site can reduce gene ex-
pression as a result of limited availability of tRNAs
depending on the host cell, minor codons listed in
Tab. 1 probably have a negative effect on gene ex-
pression. This can be explained by the minor codon
modulator hypothesis. When the concentration of tR-
NA for minor codons becomes extremely limited, ri-
bosomes of the host cell stall at minor codon sites, in-
hibiting the effective entry of a ribosome at the initia-
tion site, thereby resulting in a decrease in the rate of
translation. When the distance between the initiation
codon and the minor codon is greater than 50 to 60
codons, a queue of ribosomes at the minor codon does
not block the entry of a ribosome in the translation
process. Thus, minor codons within this critical limit
from the initiation codon are thought to play an im-
portant role in regulating gene expression'®' .

2.2 Codon usage near translational termination site

Fig. 2 shows the relationship between fy-,(using
the whole genomes) and fpp; ( near the terminal co-
don) for SARSCoV and the other five coronavirus
species. A high fppcy value indicates that the corre-
sponding codon is more preferentially used in the
translational termination region.
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Fig.2 The relationship between fryc, and fypcy of the ter-

minal translation region. (a) SARSCoV; (b) AIBV; (c)
BCoV; (d) HCoV-229E; (e) PEDV; (f) TGV

Resembling the codon usage in the initial region,
codons with small fps, value are also preferentially
used in the translational termination site in these viru-
ses. These results are partially consistent with the previ-
ous report where the genome of Escherichia coli was
studied'™” . In that study, some codons, such as AGA
and AGG coding for Arg, GGA and GGG coding for
Gly, and GAG coding for Glu were found to be prefer-
entially used in the terminal region and these codons
were thought to be relative to the gene expression.

Codons with high f,;., values (larger than 1) in
the terminal regions of these coronavirus genomes are
listed in Tab. 2. It is obvious that the frs, values of
these codons are no higher than 0. 63, which especially

Tab.2 Preferentially used codons in terminal region
in various organisms

Organism  Amino acid Codon Sfrscu Jeecu
Ala GCG 0.22 1.31

Ser UCG 0.23 1.33

SARSCoV Arg CGA 0.44 1. 00
Arg CGG 0.09 1. 46

Thr ACG 0.18 1. 86

BCoV Ala GCG 0.22 1.09
Ala GCG 0.11 1.50

Gly GGG 0.12 1.18

TGV Pro CCC 0.25 1. 40
Arg CGA 0.17 2.20

Gly GGG 0.21 1.25

AIBV Pro CcccC 0.42 1.57
Thr ACG 0.27 1.59

Gly GGG 0.11 1.29

Phe uuc 0.37 1.05

HCoV-229E Arg CGA 0.25 1.56
Arg CGG 0.15 1.36

Arg AGG 0.63 1. 05

Pro CCG 0.20 1.23

PEDV Arg CGG 0.22 1.37
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applies to codons ACG coding for Thr in SARSCoV,
CCC coding for Pro and ACG coding for Thr in
AIBV, GCG coding for Ala and CGA coding for Arg
in TGV and CGA coding for Arg in HCoV-229E.
They exhibit extremely high f,z, values and consider-
ablely low fyscy values indicating that these minor co-
dons are more preferentially used in the termination
site than in the rest of the coding sequence. This phe-
nomenon is similar to that in the initial region and
may also relate to the concentration of tRNA mole-
cules in the host cell. Thus, minor codons listed in
Tab. 2 probably also have a negative effect on gene
expression.

Comparing Tab. 1 with Tab. 2, it can be found that
some minor codons, such as UCG coding for Ser and
CGG coding for Arg in SARSCoV, GGG coding for Gly
and UUC coding for Phe in HCoV-229E, CGG coding
for Arg in PEDV and GCG coding for Ala in TGV, are
preferentially used not only in the translational initiation
site but also in the termination site. It is suggested that
these codons play a quite important role in the regulation
of gene expression.

3 Conclusion

In summary, the codon usage in the translational
initiation site and termination site greatly relates to the
regulation of gene expression. Most minor codons in
SARSCoV and the other viruses in Coronaviridae are
preferentially used in the initial region, which can be
explained by the minor codon modulator hypothesis.
These codons within this critical region are thought to
play a negative role in regulating gene expression. At
the same time, some minor codons are also preferen-
tially used in the terminal region in these viruses,
which also probably has a relation with gene expres-
sion. Our results strongly imply that the minor codon
modulator hypothesis can be applied not only to some
bacteria but also to some viruses. Further, such infor-
mation might be helpful to understand the pathogene-
sis and the origin of SARSCoV.
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