Mouse genomics

joint project between EMBL-EBI and the Sanger Centre
called ‘Ensembl’ and at Oak Ridge National Laboratory by
the Genome Annotation Consortium. The Mouse Genome
Sequence project at The Jackson Laboratory is involved in
the overall process of data integration.

Summary

To many, the recommendations of the NIH priority set-
ting meetings seemed impossibly ambitious. However, as
the new century unfolds, it is clear that many of these rec-
ommendations will soon become realities. Working-draft
mouse genomic sequence, combined with transcript-map
and full-length cDNA sequence will be a powerful tool in
gene identification and annotation, both in the mouse and
human genomes. A wealth of new mouse mutations and
traits will be identified and mapped and the location of
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their human equivalents inferred from homology maps.
These mutations will comprise a functional map of the
genome that can be correlated with the sequence map and
expression data to provide a rich resource of biological
information. Access to the mutant mice will ensure that a
new generation of pathobiologists will be able to charac-
terize better models of human disease. More and more, the
mouse could become the measure of man.
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Codon usage bias in C. elegans

GENOME ANALYSIS

tRNA gene number and codon usage in the
C. elegans genome are co-adapted for optimal
translation of highly expressed genes

Although they encode the same amino acids, synonymous
codons are not all used at the same frequency. Such codon
usage biases occur in most species and could be the result of
mutational biases, natural selection acting on silent changes in
DNA, or both!. Selection on synonymous codon positions is
thought to lead to a co-adaptation of codon usage and tRNA
content to optimize the efficiency of translation. Such a selec-
tive pressure to reduce the cost of translation is expected to be
stronger for genes that are expressed at high levels. In agree-
ment with that model, in some unicellular organisms such as
Escherichia coli or Saccharomyces cerevisiae, codons that are
used preferentially correspond to the most abundant tRNA
species®’, and there is a positive correlation between codon
usage bias and the level of gene expression'.

0168-9525/00/$ — see front matter © 2000 Elsevier Science Ltd. All rights reserved. PIl: $0168-9525(00)02041-2

In multicellular eukaryotes, there are very few experimen-
tal data on tRNA abundance. However, the limited data
available in Drosophila* showed a relationship between
codon wusage and tRNA abundance’. Moreover, in
Caenorhabditis  elegans, Drosophila melanogaster —and
Arabidopsis thaliana, the frequency of favored codons (i.e.
codons that are used preferentially in genes that have a strong
codon-usage bias) increases with increasing expression level®.

With the completion of the sequence of C. elegans
genome’, we have the opportunity to study the first complete
tRNA collection from a complex, multicellular eukaryote and
to assess the relationship with codon usage. tRNA genes in
the C. elegans genome were searched using the program
tRNAscan-SE with the default (eukaryote-specific) parameters®
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FIGURE 1. Amino acid frequency and isoaccepting FIGURE 2. Favored codons and isoaccepting tRNAs
tRNA genes in C. elegans
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(15 425 predicted complete coding regions) was estimated by
counting the number of matching Expressed Sequence Tags
(ESTs) available in GenBank, as described previously®. This
method gives only a rough estimate of gene expression level,
because these ESTs have been sequenced from cDNA libraries
(prepared from embryo and adult whole organisms) that have
been partly normalized (Y. Kohara, unpublished). Despite
this, we found a strong correlation between the number of
tRNA genes and the frequency of amino-acids among C. el-
egans proteins, weighted according to their expression level
(Fig. 1). As expected, this correlation is significantly stronger
for highly expressed genes (R=0.82, »p<0.0001, N=1631)
compared with those that do not match any EST (i.e. genes
with very low expression level; R=0.61, p=0.0042,
N=9409). If the cellular tRNA abundance were not related to
the number of tRNA gene, we would not expect any corre-
lation between the frequency of amino acids and the number
of tRNA genes. Therefore, these observations strongly sup-
port that in C. elegans, as in unicellular organisms, intracellu-
lar tRNA levels are mainly determined by gene copy number.

Interestingly, it has been noted that the tRNA gene density
is higher on the X chromosome, compared with autosomes’.
Indeed, there are 15.7 tRNA genes per Mb on the X chromo-
some, but only 3.4-4.4 tRNA genes per Mb on the autosomes
— what is the reason for this? Evolutionary theory predicts that
sex chromosomes evolved from an autosomal pair, and once
X-Y recombination ceased, Y-linked genes were progressively
inactivated and obliterated (ultimately up to the final loss of
the Y-chromosome, as in C. elegans). As an adaptive response
to the loss of Y-linked genes, homologous genes on the X-
chromosome were up-regulated and subsequently subject to
dosage compensation'?. We propose that, in C. elegans, the
up-expression of X-linked tRNA genes was achieved by gene
duplication, which has led to the present excess of tRNA genes
on the X chromosome compared with autosomes.

Gene copy numbers vary greatly among isoaccepting
tRNAs. For example, among the 42 tRNA™ genes, 32 (76%)
contain the TGG anticodon (Fig. 2). Is this variation related
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to a bias in codon usage? To answer this question, we com-
puted the relative gene frequency (RGF) of each isoacceptor
tRNA in the genome and the relative synonymous codon
usage (RSCU) in highly expressed genes. There is a highly
significant correlation between RGF and the RSCU of com-
plementary codons (R=0.54, p<<0.0001). It should be noticed
that this correlation reflects only partially the real co-adap-
tation of tRNA abundance and codon usage because the same
tRNA can decode several codons. Although we have no
experimental data on base modifications in C. elegans tRNAs
(except for tRNA Leu-AAG, with an inosine modification at
the first anticodon position''), it is possible to predict the
codons decoded by the different anticodons according to the
classical rules'?: (1) G-U wobble pairing; (2) an I at the first
anticodon position produces a preference for U or C over A;
and (3) As at the first anticodon position are predicted as Is,
because an unmodified A has been found only in a few excep-
tional cases. This analysis revealed that all the favored codons
are decoded by the isoaccepting tRNA that has the highest
gene copy number (Fig. 2). In the three cases where there are
two favored codons (Arg, Leu and Ala), both codons are
decoded by the major isoaccepting tRNA. Moreover, in all
cases where an I is predicted at the first anticodon position,
favored codons end in C and/or U. Finally, for eight of the
nine duets, the favored codon is the direct complement of the
major isoaccepting tRNA. In conclusion, codon-usage biases
and tRNA gene redundancy in C. elegans genome clearly
reflect a co-adaptation of tRNA content and codon usage for
the optimal translation of the pool of highly expressed genes.

Acknowledgements

I warmly thank T.M. Lowe for providing me the results of his
analyses of tRNA genes contents in C. elegans genome. 1
thank M. Gouy for his helpful comments and G. Marais for
his suggestion about the relationship between the frequency
of tRNA genes and dosage compensation on the X chromo-
some. This work was supported by the Centre National de la
Recherche Scientifique.

References

1 Sharp, P.M. et al. (1993) Codon usage: mutational bias,
translational selection, or both? Biochem. Soc. Trans. 21,
835-841
Dong, H. et al. (1996) Co-variation of tRNA abundance and
codon usage in Escherichia coli at different growth rates.
J. Mol. Biol. 260, 649663
Kanaya, S. et al. (1999) Studies of codon usage and tRNA
genes of 18 unicellular organisms and quantification of
Bacillus subtilis tRNAs: gene expression level and species-
specific diversity of codon usage based on multivariate
analysis. Gene 238, 143-155
White, B.N. et al. (1973) Analysis of tRNAs during the
development of Drosophila. Dev. Biol. 33, 185-195

N

w

£

o

o

-

@

w©

Moriyama, E.N. and Powell, J.R. (1997) Codon usage bias and
tRNA abundance in Drosophila. J. Mol. Evol. 45, 514-523
Duret, L. and Mouchiroud, D. (1999) Expression pattern and,
surprisingly, gene length shape codon usage in
Caenorhabditis, Drosophila, and Arabidopsis. Proc. Natl. Acad.
Sci. U. S. A. 96, 44824487

The C. elegans Sequencing Consortium (1998) Genome
sequence of the nematode C. elegans: a platform for
investigating biology. Science 282, 2012-2018

Lowe, T.M. and Eddy, S.R. (1997) tRNAscan-SE: a program for
improved detection of transfer RNA genes in genomic
sequence. Nucleic Acids Res. 25, 955-964

Percudani, R. et al. (1997) Transfer RNA gene redundancy and
translational selection in Saccharomyces cerevisiae. J. Mol.

"

Biol. 268, 322-330

Jegalian, K. and Page, D.C. (1998) A proposed path by which
genes common to mammalian X and Y chromosomes evolve to
become X inactivated. Nature 394, 776-780

Tranquilla, T.A. et al. (1982) Sequences of four tRNA genes
from Caenorhabditis elegans and the expression of C. elegans
tRNALeu (anticodon IAG) in Xenopus oocytes. Nucleic Acids
Res. 10, 7919-7934

Ikemura, T. (1985) Codon usage and tRNA content in
unicellular and multicellular organisms. Mol. Biol. Evol. 2,
13-34

Stenico, M. et al. (1994) Codon usage in Caenorhabditis
elegans: delineation of translational selection and mutational
biases. Nucleic Acids Res. 22, 2437-2446

Deng, X-W. et al. (2000) Unified nomenclature for the COP9 signalosome and its subunits:
an essential regulator of development. Trends Genet. 16, 202-203

An error occured during the publication of the letter by Deng et al. in the May issue.

Author’s correction

The correct citation for this letter should be:

Deng, X-W., Dubiel, W., Wei, N., Hofmann, K., Mundt, K., Colicelli, J., Kato, Jy., Naumann,
M., Segal, D., Seeger, M., Carr, A., Glickman, M., Chamovitz, D.A.

Pll: S0168-9525(00)02071-0

TIG July 2000, volume 16, No. 7




