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Intragenic Variation of Synonymous Substitution Rates
In the protein-coding gene, nucleotide substitutions are classified into the
synonymous and nonsynonymous substitutions. The synonymous substitution in a
gene is defined as those not causing amino acid changes in the encoding protein,
while the nonsynonymous substitution is defined as those causing amino acid
changes in it. The synonymous substitution, by definition, is free from functional
constraints of a protein contrary to the nonsynonymous substitution that is
essentially constrained by protein function. Therefore, it is expected that for a
given gene, the rate of synonymous substitution is constant over the nucleotide
sites as long as mutation rate does not vary with the sites. It is also anticipated
that synonymous substitutions take place more frequently than nonsynonymous
substitutions. It follows that the difference between the numbers of synonymous
and nonsynonymous substitutions reflects the degree of functional importance for
a protein, meaning that the difference is larger as the degree is greater. I find
these properties of synonymous and nonsynonymous substitutions useful for
evaluating the functional importance for subunits as well as domains of a protein.
Moreover, I could successfully show that the rate of synonymous substitution is
variable with site not only among genes but also within a gene. I also find that
for mammalian species, the intragenic variation of synonymous substitutions is
mainly caused by mutation that preferentially occurs in non-randomly distributed
CpG dinucleotides in a gene.

In Chapter I, I outline my thesis, placing particular emphasis on the
motivation and purpose of my study. In Chapter II, for nicotinic acetylcholine
receptor subunit genes of different species, I examined the degree of functional

“importance of subunits by conducting comparative analysis of the numbers of
synonymous and nonsynonymous substitutions. It is known that nicotinic
acetylcholine receptor is divided into two types, the muscular and nervous. The
muscular type is composed of five subunits, al, al, bl, g and e. There are four
trans-membrane regions, M1 — M4, in the receptor molecule. The structure of
the nervous type is not well elucidated, but is known to be composed of a(2-9)

< and b(2-4) subunits. In particular, by computing the ratio (f) of the number of

nonsynonymous substitutions to that of synonymous substitutions, I showed that
the al subunit gene was the lowest in f value among the subunit genes in the
muscle system, and so was a7 subunit gene in the nervous system. This result
indicates that the two subunit genes in the two tissues have been subject to strong
functional constraints in evolution. In fact, it is known that the two subunits of
the receptor protein have crucial functions; al subunit has binding sites to the
ligand of the receptor, and a7-containing receptor regulates releasing the
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transmitter, acetylcholine. Moreover, the window analysis of f values shows that
strong functional constraints have operated on M2 region in all the five muscle
subunits. It is noted that M2 region is a part of the ion channel structure in the
receptor molecule. Therefore, f value is shown to be useful for evaluating the
degree of functional importance of not only a gene but also subregions within a
gene.

In Chapter III, I conducted a statistical test to examine whether the rate of
synonymous substitution varies within a gene, by using 418 homologous gene
pairs from Rattus norvegicus and Mus musculus and 84 orthologous gene pairs
from the whole bacterial genomes of Mycoplasma genitalium and Mycoplasma
pneumoniae. As a result, more than 90% of gene pairs for both comparisons are
demonstrated to show a significant intragenic variation of synonymous
substitution rate. By examining all conceivable possibilities for the cause of the
intragenic variation of synonymous substitution rates, I finally found a significant
correlation between synonymous substitution rates and the frequency of CpG
dinucleotides in rodents. These findings suggest that intragenic variation of
synonymous substitutions in mammals is caused mainly by a mutation due to
methylation of CpG dinucleotides which are unevenly distributed in the genome.
In Chapter IV, I described the summary and conclusion of the present study, and I
also discussed the future development of this line of study.
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