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Abstract

In the protein-coding DNA sequences, nucleotide substitutions are
classified into synonymous and nonsynonymous substitutions. When a
nucleotide substitution does not cause an amino acid change, it is called a
synonymous substitution. When the nucleotide substitution does cause an
amino acid change, it is called a nonsynonymous substitution. The
synonymous substitution is, by definition, free from functional constraints of
a protein whereas the nonsynonymous substitution is essentially
constrained by protein function. Thus, it is expected that for a given gene,
the rate of synonymous substitution is constant as long as the mutation rate
is constant, and 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 larger the
degree, the deeper the difference.

I found that these properties of synonymous and nonsynonymous
substitutions could be utilized for evaluating the functional importance for
subunits as well as domains of a protein. Moreover, I successfully showed
that the rate of synonymous substitution is variable not only among genes
but also within a gene. Ialso found that for mammals, the intragenic

variation of synonymous substitutions is mainly caused by the nonrandom
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mutation due to methylation of CpG dinucleotides.

In chapter I, I described the outline of the present thesis, placing
particular emphasis on the motivation and purpose of my study. Inchapter
II, taking nicotinic acetylcholine receptor subunit genes as an example, 1
examined the degree of functional importance of subunits by conducting the
comparison analysis of the numbers of synonymous and nonsynonymous
substitutions. Inparticular, calculating the ratio (f) of the number of
nonsynonymous substitutions to that of synonymous substitutions, I showed

that the o1 and a7 subunits had the lowest fvalues in the muscle and

nervous systems, respectively. These results suggested that very strong
functional constraints work on these subunits. These findings are
consistent with the fact that these subunits have erucial functions for the

receptor; the o1 subunit has binding sites to the ligand and the o.7-

containing receptor regulates the release of the transmitter. Moreover, the
window analysis of the fvalues showed that strong functional constraints
work on the so-called M2 region in all 5 types of the muscle subunits. Note
that the M2 region corresponds to a hole of the ion channel in the receptor
molecule. Thus, calculation of the fvalues is useful for evaluating the
degree of functional importance of not only a gene but also the subregion
within a gene. Inchapter III, I conducted a statistical test to examine
whether the rate of synonymous substitution varies within a gene, by using

418 homologous gene pairs between Rattus norvegicus and Mus musculus,
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as well as 84 orthologous gene pairs between the whole bacterial genomes of
Mycoplasma genitalium and Mycoplasma pneumoniae. 1found that more
than 90% of gene pairs for both comparisons showed significant intragenic
variation of synonymous substitution rates. By examining all conceivable
possibilities for the cause of the intragenic variation of synonymous
substitution rates, I 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 nonrandom mutation due
to the methylation of CpG dinucleotides. Inchapter 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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CHAPTER I:

INTRODUCTION



1.1 Nucleotide substitution mutation and

nucleotide substitution

Mutation is a source of genetic variation and one of the most
fundamental processes of molecular evolution. There are many types of
mutations in the DNA sequences: They are nucleotide substitution,
insertion and deletion, recombination, inversion, transposition, and so forth.
In the study of molecular evolution, nucleotide substitution mutation is
often focused on because its molecular mechanism has been relatively
better known compared with other types of mutations.

Once a nucleotide substitution mutation takes place in a gene
sequence, the mutant of having such a nucleotide change may increase or
decrease in its frequency within a population, depending upon whether the
mutant is selectively advantageous or deleterious. Of course, genetic drift
also plays an important role to change the mutant frequency in a
population particularly when the population size is small. If the mutant
is selectively neutral, only the genetic drift contributes to the change of the
mutant frequency (Kimura 1983). Anyway, the mutant frequency will
eventually become 1 or 0, meaning that the nucleotide substitution
mutation will spread the entire population or will disappear from the
population. When a mutant frequency becomes 1, we call it "fixation of the

mutant in a population." Inparticular, we say that "nucleotide



substitution" takes place when a nucleotide substitution mutation is fixed
in a population. Because "nucleotide substitution" is likely to be
confused with "nucleotide substitution mutation," I would call nucleotide
substitution mutation simply as mutation in the present study. This
would be helpful to aveid possible confusions, because the type of
mutations which I would deal with in the present study is mostly nucleotide

substitution mutation.

1.2 Synonymous and nonsynonymous

substitutions

In protein-coding regions of DNA sequences, there are two types of
nucleotide substitutions. One is a synonymous substitution, which does
not cause any amino acid change. The other is a nonsynonymous
substitution, which alters an amino acid.

The synonymous substitution is, by definition, free from functional
constraints of a protein. If no constraint other than protein function is
imposed on synonymous substitutions, the rate of synonymous substitution
18 equal to the mutation rate because the synonymous substitution should
be selectively neutral. Thus, it is expected that for a given gene, the rate of
synonymous substitution is constant over time as well as space as long as

the mutation rate is constant. On the other hand, the nonsynonymous



substitution is constrained directly by protein function. Because most
amino acid-altering nucleotide substitutions have, in general, deleterious
effects on the function and structure of a protein, most nonsynonymous
substitutions are selected out from a population. Thus, 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 larger the degree, the
deeper the difference. This 1s exactly what the neutral theory of molecular

evolution has predicted (Kimura 1968 and 1983).

1.3 Synonymous and nonsynonymous

substitutions, and gene function

Comparisons of the numbers between synonymous and
nonsynonymous substitutions have been conducted for evaluating the
functional importance for genes. Under the neutral theory of molecular
evolution, it is expected that purifying selection works on most of genes
(Kimura 1968). The purifying selection is also called negative selection by
which deleterious mutations are eliminated from a population. Because
most of nonsynonymous substitutions are actually deleterious, it follows

that for most of genes, the number of synonymous substitutions is larger



than that of nonsynonymous. Ifa gene has more important function, the
difference in the numbers between synonymous and nonsynonymous
substitutions becomes larger. Thus, the comparison between the number
of synonymous and nonsynonymous substitutions can be used for
evaluation of the degree of functional constraints among genes.

It has been also used for detection of genes on which positive
selection operates. This is because the genes on which positive selection
operates are considered to have an evolutionary characteristic where the
number of nonsynonymous substitutions is larger than that of synonymous
substitutions. By adopting this characteristic as the criterion, several
genes have been studied as candidate genes on which positive selection may
operate (for review, see Endo et al. 1995). However, the number of
candidate genes on which positive selection may operate is very limited.
Only approximately 5% of all examined genes showed a possibility of

positive selection (Endo et al. 1995).

1.4 Intergenic variation of synonymous

substitutions

If the rate of synonymous substitutions is fairly uniform among
different genes, the examination of only nonsynonymous substitution rates

is sufficient to evaluate the relative degree of functional importance and



constraints among genes. Inreality, however, many studies have recently
reported that the rate of synonymous substitution is not actually constant
over time and genes. Inparticular, it is quite variable among examined
genes (Graur 1985; Li et al. 1985; Wolfe et al. 1989; Bernardi et al. 1993:
Wolfe and Sharp 1993; Mouchiroud et al. 1995; Ohta and Ina 1995). The
cause of such intergenic variation of synonymous substitutions is still
unclear. It could be due to intergenic differences in codon usage bias, base
composition, and the mutation rate. Anyway, because of intergenic
variation of synonymous substitutions, it is essential to compare the
number of synonymous substitutions with that of nonsynonymous
substitutions, in order to evaluate the degree of functional importance, or

constraints of a gene product.

1.5 Methods for estimating the numbers of

synonymous and nonsynonymous substitutions

When the number of nucleotide substitutions between a given pair
of genes is very small, the number of synonymous and nonsynonymous
substitutions can be obtained simply by counting silent and amino acid-
altering nucleotide differences, respectively. However, it is, in general,
difficult to make a distinction between synonymous and nonsynonymous

substitutions for more distantly diverged gene pairs. For this reason,



many methods have been proposed to estimate the number of synonymous
and nonsynonymous substitutions (for review, see Nei 1987).

Among them, Miyata and Yasunaga's (MY) method (1980), Li, Wu,
and Luo's (LWL) method (1985), and Nei and Gojobori's (NG) method
(1986) have been widely used. Inparticular, the NG method has been used
most frequently because of its simplicity. These three methods should be
used with some caution, because these methods may give overestimates of
the number of synonymous substitutions and underestimates of the
number of nonsynonymous substitutions, particularly when the bias of
transition versus transversion is stronger (Ina 1995).

The so-called PBL method (Pamilo and Bianchi 1993; Li 1993) and
Ina's method (1995) were developed, because these two methods give better
estimates than the MY, LWL, and NG methods unless there are strong
transition/transversion and nucleotide frequency biases (Ina 1995). In
order to solve the problem for transition/transversion bias, Comeron (1995)
modified the PBL method. Moreover, Moriyama and Powell (1997)
developed new method taking base composition into consideration.
However, the authors conceded that the estimates obtained from these new
methods were very close to Comeron's method. Since PBL and Comeron's
methods include nonsense mutation in the category of nonsynonymous
substitutions, estimates sometimes become negative when sequence

divergence is low, whereas Ina's method is often inapplicable when closely



related sequences are used (Zhang et al. 1998). Thus, these newly
developed methods have a limitation for available data sets.

More recently, Zhang et al. (1998) modified the NG method. This
modified NG method corrects transition/transversion bias in the
estimation. Therefore, the modified NG method is the best choice when
analyzing large data sets. Thus, we used the modified NG method in the

present study.

1.6 The purposes of the present study

As L have already mentioned earlier, the comparisons between the
numbers of synonymous and nonsynonymous substitutions have been used
for evaluating relative importance among different genes. In this study, I
found that these comparisons of the numbers of synonymous and
nonsynonymous substitutions could be also utilized for evaluating the
functional importance for subunits as well as domains of a protein.
Moreover, I successfully showed that the rate of synonymous substitution is
really variable not only among genes but also within a gene. The
intragenic variation has been somewhat controversial because the previous
studies used only specific genes or lacked statistical reliability (Clark and
Kao 1991; Lawrence et al. 1991; Eyre-Walker and Bulmer 1993; Ina et al.
1994; Caccio et al. 1995; Zoubak et al. 1995; Comeron and Aguadé 1996).

Thus, it is essential to compare the number of synonymous substitutions



with that of nonsynonymous substitutions in order to evaluate the
functional constraints even within a gene. I also pointed out that for
mammals, the intragenic variation of synonymous substitutions is mainly
caused by the nonrandom mutation due to methylation of CpG
dinucleotides.

The purposes of the present study are to show these original
findings by presenting substantial amount of evidence and to discuss their
biological implications with special reference to molecular evolution of
genes.

In chapter II, taking nicotinic acetylcholine receptor subunit genes
as an example, [ examined the degree of functional importance of subunits
by conducting the comparison analysis of the numbers of synonymous and
nonsynonymous substitutions. Iused nicotinic acetylcholine receptor
subunit genes because these receptor subunits have diverged from the
common ancestor to 16 types of subunits and the function of subunits is
very different from each other. By calculating the ratio (f) of the number of

nonsynonymous substitutions to that of synonymous substitutions, I
showed that ¢1 and a7 subunits had the lowest fvalues in the muscle and
nervous systems, respectively. Thus, I showed that calculation of the £

values is useful for evaluating the degree of functional importance of not

only among genes but also within a gene.



In chapter III, T conducted a statistical test to examine whether the
rate of synonymous substitution really varies within a gene. For this
analysis, I used 418 homologous gene pairs between Rattus norvegicus and
Mus musculus, as well as 84 orthologous gene pairs between the whole
bacterial genomes of Mycoplasma genitalium and Mycoplasma
pneumoniae. As a result, [ found that more than 90% of gene pairs for
both comparisons showed statistical significance in intragenic variation of
synonymous substitution rates. By examining all conceivable possibilities
for the cause of the intragenic variation of synonymous substitution rates, I
found a significant correlation between synonymous substitution rates and
the frequency of CpG dinucleotides in rodents. 1discussed the biological
implication of this finding.

Finally, in chapter IV, I described the summary and conclusion of
the present studies, and I also discussed the future development of this line

of study.
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CHAPTER II:

ANALYSIS OF SYNONYMOUS AND
NONSYNONYMOUS SUBSTITUTION
RATES WITH SPECIAL REFERENCE

TO EVOLUTION OF NICOTINIC
ACETYLCHOLINE RECEPTOR
SUBUNITS
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2.1 Introduction

Acetylcholine (ACh) has long been recognized as a neurotransmitter
active in nervous and muscle systems of Bilateria. The nicotinic
acetylcholine receptors (nAChR), focused on this study, belong to the
superfamily of receptors involved in ligand-gated ion channels in both
nervous and muscle systems. It is known that ACh binding causes the
ionic channel open and cations to pass through, resulting in changes of the
electrical state of the target cell (Changeux 1990). Because the nAChR in
the muscle system was the first receptor to be isolated, the nAChR of
striated muscles is the best-characterized member of the super family
(Changeux 1990). In particular, it is known that the nAChR in the muscle
system is a hetero-oligomer composed of five subunits, each with four
transmembrane domains (Karlin 1993; Galzi and Changeux 1994). For

subunits in the muscle subunits, o, B, 1, and 8§, were named according to

differences in the molecular weight and the € subunit was named according

to the Greek alphabet.

Although the function and structure of nAChR in the nervous system
are not understood as clearly as in the muscle system, it is known that
there are eight a-type (named o2 — o) and three B-type (classified as fz—
B4) subunits. They are produced in the whole nervous system and even in

non-neuronal tissues such as striated muscle, lymphocytes, granulocytes,

12



skin, bones, and so forth. Because the o9 subunit is expressed in the outer

hair cells of the cochlear, it is proposed that this subunit is responsible for
the signal transduction at the synapse between efferent neuronal terminals

and cochlear hair cells (Elgoyvhen et al. 1994).

It is of particular interest to understand how all 16 subunits, a, By, 7,
8, and € in the muscle system and oz- osand Pz- B4 in the nervous systems,

are evolutionarily related to each other. In spite of the intensive previous
works, the controversy over the evolutionary history of these subunits has
not been settled yet (Ortells and Lunt 1995; Le Novére and Changeux 1995;

Gundelfinger 1995). As for the o1 subunit in the muscle system, it has not
been clear whether this subunit has evolved from the neural o-type subunit.
Moreover, it has been controversial whether the B; and 4 subunits in the

nervous system are evolutionarily close to the other neural subunits. In
order to resolve the controversy and to elucidate the evolutionary
mechanisms of these subunits, I constructed a phylogenetic tree using
amino acid sequences.

[ also estimated the ratio, £, of the number of nonsynonymous
substitutions to that of synonymous substitutions through comparisons
between sequences of subunits to infer a degree of functional importance.
Moreover, I could successfully identify the sequence regions where strong

functional constraints were imposed, using the so-called window analysis.

13



Thus, this method is very useful for evaluating the degree of functional

constraints.
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2.2 Materials and Methods

2.2.1 Sequence analysis

I collected the data from the DDBJ/EMBL/GenBank nucleotide
sequence database by keyword search. Iexcluded the redundant data of
subunit types for each species from the analysis and obtained 84 nucleotide
sequences from 18 different species (See table 1.1). First, the amino acid
sequences translated from the nucleotide sequences were aligned with each
other by CLUSTAL W version 1.6 (Thompson et al. 1994). Inthis
alignment, [ used BLOSUM series for a protein weight matrix, 10 for a gap
opening penalty, and 0.05 for a gap extension penalty. To estimate the
number of amino acid substitutions per site, [ used Kimura's method
(Kimura 1983) for only sites commonly shared by all sequences. 1Itook the
sequence of serotonin-gail:ed ion channel (5HT3) as an outgroup. Ithen
constructed a phylogenetic tree by the neighbor-joining (N-J) method
(Saitou and Nei 1987). The bootstrap resampling tests were performed

1000 times to confirm reliability of the constructed tree.
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Table 2.1:

84 sequences of nAChR subunits and 1 sequence as an outgroup used in

this study.
Species Subunit abbreviation Acc. no. References
Homo sapiens al ul_human X02502 Moda et al, 1983
o a2_human Us2431  Elliott et al. 1996
ald a3_human MaTea1 Mihovilovie and Roscs 1991
o ad_human Lasa Monteggia et al. 1995
o3 a5_human M83712  Chini et al. 1992
ab a6_human U62435  Elliott et al 1996
ol a7_human X70297  Pongetal 1994
1 b1_humin X14830  Beeson et al. 1989
p2 b2_human X53179  Anand and Lindstrom 1990
3 b3_human XG7513 Willoughby et al. 1993
bd_human X6AzT5 Tarroni ¢t al. 1992
& d_human X55019  Luther et al. 1989
E ¢_human 66403 Beeson et al. 1993
T g_human X01715 Shibahara et al. 1955
Bos taurus al al_ctow 02500 Moda ct al. 1983
ol aT_cow XO3604 Garcia-Guzman et al. 1995
B bl_sow 00962 Tanabe et al. 1984
5 d_cow XO02473  Kuboet al 1985
E B_row Ko2597 Takai et al. 1985
¥ E_COW M28307 Takai et al. 1984
Rattus norvegicus ul 42 _ratn L1077 Wada et al. 1983
ol a3_ratn XO3440 Boulter et al. 1936
ud ad_ratn 131620 Goldman et al, 1987
ol af_ratn J0E231 Boulter et al. 1990
b ab_ratn LOE22T Boulter Unpublished
ol aT_ratn 131619 Boulter Unpublished
pa b3 _ratn JO4635 Deneris et al. 1989
pa bd_ratn M33953  Boulter et al. 1980
E e_ratn X13252 Criado et al. 1968
Mus musculus ol al_mouse X03986 Isenberg et al. 1986
ol aT_mouse LaT663 Orr-Urtreger et al. 1995
B bl_mouse M14537 Buonanno ot al. 1986
& d_mouse L10076  Boulter Unpublished
£ e_mouse X55718 Gardner 1990

16



Hattus rattus

Gallus gallus

Xenopus laevis

Danio rerio

Carassius auratus

Torpedo marmorata

Torpedo californica

Caenorhabditis elegans

wl

o3

B

@7

fiz
L]

@l

fil

GFn o
GFn a3

ol

i |

Bl

i

E_mouse
al_ratnr
ad_ratr
af_ratr
b1_ratn
b2 _ratr
d_ratr
g_ratn
al_chick
a2_chick
ad_chick
ad_chick
ab_chick
ab_chick
aT_chick
aB_chick
b2_chick
bi3_chick
d_chick
g_chick
al_frog
bl_frog
d_frog
e_frog
g_frog
al_zebrafl
ad_gfish
b2_ghish
na-2_gfish
na-3_gfish
al_torpedom

al_torpedoc

bi1_torpedoc
d_torpedoe
i£_torpedoc

a_Caenorhabditis
bl_Caenorhabditia

17

Xo3s18
XT74832
L3621

12336
XT4833
L3622
X74835
K74834

X07340
M37336
X0T348
JOBG42

Mas12

X54051
Had062
X14786
M2a529
M25R93

NOBG00

u ot al. 1986

Witzemann et al. 1990
Boulter et al. 1887
Elgoyhen et al. 1994
Witzemann et al, 1990
Boulter ot al, 1987
Witzemann et al. 1990
Witzemann et al. 1990

Wef ot al. 1988

Mef et al. 1988

Couturier et al. 1990

Mef et al. 1288

Couturier ct al. 1990
CGerzanich et al. Unpublished
Couturier et al. 1990
Schoepfer et al. 1990
Schoopfer et al. 1988
Hernandee et al. 1995
Mef ot al, 1984

Nef at al. 1984

Noda et al. 1982

Eullherg et al. 1994
Baldwin et al. 1988
Murray et al. 1995
Baldwin ct al. 1988
Bepich et al. Unpublished
Hicher et al, 1990

Hieber et al. 1990

Caulev 1989

Cauley et al. 1990
DevilleraThiery et al. 1963
DevilleraThiery et al. 1984

Noda et al. 1982;
Sumikawa et al. 1982
Muma 1983; Devillers-Thiery 1983

Muma et al. 1983; Noda et al. 1983
MNuma et al. 1983; Noda et al. 1983
Ballivet et al. 1982; Numa et al. 1983;
MNoda et al. 1983; Claudio et al. 1983
Fleming et al. Unpublished

Alliod and Ballivet Unpublished



MO -0 non-a_Caenorhabditie  X864003 Squire et al. 1995
lew-1 gene lev1_Caenorhabditis Xa8246 Fleming ot al. Unpublished
ACR-3 aer-3_Caenorhabditis YOBGIT Baylis Unpublished
Haemonchus contortus L a_Haemonchua LIT24%0 Hoekstra et al. 1997
Onchocerca volvulus unknown ?_Onchocerca 120465 Ajuh and Egwang 1994
Drosophila melanogaster ol a2_fruitfly X53583 Sawruk et al. 1990
a-like a-like_fruitfly X0T7194 Boasy et al. 1988
p2 b2_fruitfly X55676  Sawruk et al. 1990
B 64B b-G4AB_fruitfly M20316 Wadsworth et al, 1988
Myzus persicae al al_Myzus XB188T Sgard et al. Unpublished
ol a2 Myzus XR1888  Sgard et al. Unpublished
Manduca sexta a-like a-like_Manduca YOOT95 Eastham et al. Unpublished
Schistocerca gregaria all a-L1_Schistocerca X55439 Marshall et al. 1990
Mus Musculus 5HT3 SHT3_mouse MT4425 Maricg et al. 1991

2.2.2 Calculating the fratio

Based on all available pairs between nucleotide sequences of
different subunits, I estimated the number of synonymous and
nonsynonymous substitutions using the method of Nei and Gojobori (Nei
and Gojobori 1986). In this calculation, I considered only sites shared by
all sequences. The ratio (f) of the number (d.) of nonsynonymous
substitutions to that (ds) of synonymous substitutions, f=d, / ds, was then
calculated in order to evaluate the degree of functional constraint. These f
values were calculated as the average of all pairwise comparisons between
sequences of subunit types from different species. When a given pair of

sequences compared showed the saturated number of synonymous

substitutions, I excluded this pair from the comparison.

18



2.2.3 Window analysis for the fvalues

In order to identify particular regions where functional constraints
are imposed, I conducted a window analysis by modifying Endo et al.'s
original method (Endo et al. 1996), using human and rat preprotein

sequences of each subunit type in the muscle system, i.e. oy, B1, 7, 8, and &.

T used human and rat sequences because the saturation effect of
synonymous substitutions between these two sequences can be much
smaller than that between more distantly related species. Inmy modified
window analysis, I calculated the fvalue for each window along the
nucleotide sites codon by codon, although Endo et al.'s original method was
developed for computing the inverse of £ In my modified widow analysis, a
window size was defined as a sequence region with a 46-codon length on an
alignment, because this length is the minimum to avoid inapplicable cases
where one cannot obtain the number of synonymous substitutions. These
inapplicable cases are due to Jukes and Cantor's correction of multiple
substitutions (Jukes and Cantor 1969) in the method of Nei and Gojobori

(1986).
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2.3 Results

2.3.1 Phylogenetic analysis of nAChR subunits

Figure 2.1 shows a phylogenetic tree for 84 amino acid sequences
from 18 different species in the muscle and nervous systems (See table 2.1).
My phylogenetic tree shows that the o7, os, and oy subunits are direct
descendants of the ancestral subunit. These subunits can yield functional
receptors as homo-oligomers, whereas the other o-type subunits need p-

type subunits to yield a single nAChR (Couturier et al. 1990; Elgovhen et

al. 1994). All the subunits in the muscle system except o are

evolutionarily close to each other, sugpesting that these subunits in the
muscle system may have come from the same origin. Interestingly enough,

these muscle subunits are close to the Bz and 4 subunits in the nervous
system. Moreover, the o) subunit in the muscle system is closer to all the
subunits in the nervous system except o7-0te, B, and Bs.  Inother words, the

phylogenetic tree did not show clear divergence of subunits between the

muscle and nervous systems.
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Figure 2.1: The phylogenetic tree for the nAChR subunits.
The bootstrap values are indicated at the corresponding

nodes.
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My phylogenetic tree leads to the following interpretation: The
ancestral subunit which had a ligand-binding site appeared first in the
nervous system. This ancestral subunit may have functioned as homo-
oligomers in the primitive Bilateria. This is because the o7, os, and o
subunits in the nervous system, all of which function as homo-oligomers,
have diverged first from the common ancestor. Before appearance of
Deuterostomia, the subunits used in insects and nematodes may have
diverged from the subunits used in Deuterostomia. The subsequent
duplication may have occurred during the evolution of Deuterostomia, and
may have yielded two types of subunits (fig. 2.2). These two types were the

ancestral o-type subunits which maintained the function of binding to
ligands and the ancestral B-type subunits which have lost the function.
Present-day a-type subunits, o - o and 3 emerged from the ancestral o-
type subunit, and the present-day B, P2, B4, v, 8, and € subunits have also
diverged from the ancestral B-type subunit. The ancestral B-type subunit

have lost the function of binding to ligands and may have changed the
function into complementing the binding sites of the a-type subunit.
Switching the tissue in which subunits are expressed from the nerve to the
muscle and vice versa produced the present-day combination of subunits.

[ compared my phylogenetic tree with those in the previous works

(Ortells and Lunt 1995; Le Novére and Changeux 1995; Gundelfinger
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1995).

ancestral subunit
nervous system, bind to ligand

(homologue of Ol7, Olg, or Olg)

Ol-type B-type
bind to ligand not bind to ligand

o, ~ 0 B3 o B, By By 0 7ve

switching

nervous system muscle system

Figure 2.2: The evolutionary mechanism of all the

nAChR subunits.

My tree contains more number of subunits for invertebrates and the o

subunit of rat. My interpretation that the common ancestor of all
subunits may have appeared first in the nervous system, is supported by

previous studies (Ortells and Lunt 1995; Le Novére and Changeux 1995).
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In fact, my phylogenetic tree suggests that the o, os, and olg subunits are
direct descendants of the ancestral subunit. In particular, the og subunit

diverged from the ancestor at the earliest time. This observation
substantiates the previous speculations by Sivilotti and Colquhoun (1995)
and Changeux et al. (1996). Moreover, my phylogenetic tree clearly

indicated that all subunits of insects and nematodes emerged after the

divergence of the o7, o, and olg subunits from the common ancestor.

2.3.2 The controversy over evolution of subunits

There has been a heated debate over the evolution of vertebrate
subunits in both nervous and muscle systems (Ortells and Lunt 1995; Le
Novére and Changeux 1995; Gundelfinger 1995). Although there is no
question about that two subunit groups separated after the emergence of
the insect and nematode subunits, there was sharp disagreement among

different research groups on the constituting members of the two groups.
Ortells and Lunt (1995) postulated that the o - 0 and B3 subunits belong
to one group whereas the B, Bz, Bs, v, 8, and £ subunits belong to the other
group. However, Le Novére and Changeux (1995) insisted that the muscle

o1 subunit and all the nervous subunits (oz2- o and Bz- B4) constitute one
group and all the muscle subunits except o (1, v, 8, and £) constitute the

other group. Being different from these two research groups, Gundelfinger
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(1995) hypothesized that one of two groups consists of all the muscle

subunits (o, B1, v, 6, and €).

My phylogenetic tree showed that the separation took place between

the o1 - e and Ps subunits and the By, Bz, B4, v, 6, and & subunits, suggesting
that the o subunit in the muscle system has evolved from an ancestral o

type subunit in the nervous system. Thus, it is consistent with the view of
Ortells and Lunt (1995), but it disagrees with Le Novére and Changeux
(1995) and Gundelfinger (1995). Indeed, Le Novére and Changeux's
topology of the phylogenetic tree differs from mine. In constructing a
phylogenetic tree, I employed the N-J method using the amino acid
sequences. Though I also constructed a phylogenetic tree using the number
of nucleotide substitutions at the 1st and 2nd positions of codons, the
topology obtained was virtually the same as before. Note that I could not
use the 3rd positions of codons because of the saturation effects in some
comparisons. Moreover, I constructed a phylogenetic tree by the maximum
likelihood method using amino acid sequences, and the tree obtained had
the same topology as the one presented in figure 2.1. Thus, my

phylogenetic tree is considered to be the most reliable so far.

2.3.3 Evaluation of the degree of functional

constraint



The numbers of synonymous and nonsynonymous substitutions per
nucleotide site, ds and d., were estimated from all pairwise comparisons
between nucleotide sequences from different species for each subunit type.
If a subunit is important for functions, the amino acid sequence does rarely
change because functional constraints are imposed on the subunit. When
strong functional constraints work on a subunit, the number (d.) of
synonymous substitutions is greater than that (d.) of nonsynonymous
substitutions, resulting in the ratio, £ being close to zero. Thus,
caleulating the fvalue for each subunit type allows me to evaluate the
degree of functional importance of the nAChR subunits.

Figure 2.3 shows the fvalue for each type of subunits. All subunits
are conserved well, but I can still evaluate the degree of functional
importance for each subunit by the differences of the fvalue. Inthe muscle

system, the o subunit is the lowest value for the fvalue. The value was
about one third the highest value which was for the 8 subunit. The
confidence interval with reliability of 95% is from 0.03 to 0.09 for the o
subunit and from 0.10 to 0.19 for the & subunit. This implies that the

strongest functional constraint is imposed on the o1 subunit in the muscle

system. This is possibly because this subunit has binding sites to the

ligand. The £subunit had the second lowest fvalue among subunits

expressed in the muscle system. Thus, stronger functional constraints are
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also working on the € subunit, which suggests that the € subunit is

16
.14
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Muscle Nerve

Figure 2.3: Evaluation for the degree of functional importance
for each subunit type in both nervous and muscle systems. A

vertical line shows the fvalue for each subunit type.

important for the function of the nAChR in the muscle system. Thisis

consistent with the fact that the € subunit can change kinetics of binding

with the ligands through single mutations (Ohno et al. 1995). Moreover, it

iz known that the £ subunit has a complementary part of the ligand binding

sites. Therefore, stronger functional constraints may be also imposed on

the £ subunit.

As for the nervous system, in spite of many kinds of experiments, the
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functions of most subunits (oz- 09, f2- P4) are not known. The lowest value
in the nervous system was for oi7 subunit. The value was about one fifth
the highest value of the a2 subunit. The confidence interval with
reliability of 95% is from 0.02 to 0.03 for the o7 subunit and from 0.07 to
0.15 for the a2 subunit. This low value for the o7 subunit suggests that the
o7 subunit has a crucial function for the nAChR in the nervous system.

This is supported by experimental results showing that the o7 subunit

regulates the release of neurotransmitters in central nervous system

(McGehee et al. 1995). Because this subunit is most conserved, the low f

value of the o7 subunit is reasonable (See figs. 2.1, 2.2, and 2.3).

2.3.4 Window analysis

As shown above, I can recognize functionally important subunits for
the nAChR by evaluating the degree of functional constraint imposed on the
subunits. In general, however, I do not know where the functional
constraints work on. To answer this question, I conducted my modified
window analysis to identify particular sequence regions where stronger
functional constraints work on. In practice, I used the nucleotide

sequences of oy, B1, v, 8, and £ subunit sequences in the muscle system of

human and rat. Idefined the window size as a sequence region with a 46-
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codon length on an alignment of the same subunit type. This length is the
minimum to avoid inapplicable cases where one cannot obtain the number
of nonsynonymous or synonymous substitutions. For each window shifted
along the nucleotide sites codon by codon, the fvalue was calculated.
Figure 2.4 shows the results of my modified window analysis for
subunits in the muscle system. Some sequence regions show the lower f
value, implying that the functional constraints are at work strongly on the

regions. In particular, two regions of o) subunits (dashed arrow in fig. 2.4)

show the lower values, suggesting that these regions have crucial functions.
Ifound that these regions correspond to acetylcholine binding sites.

Moreover, all the subunits of o, B1, v, 8, and € in the muscle system showed

a common sequence region where strong functional constraints work on
(black arrow in fig. 2.4). This region may have a specific function in
common to these five subunits, because these subunits are used to
construct a single nAChR in the muscle system (fig. 2.5). The existence of
this region is consistent with the fact that for all subunits in the muscle
system, this region is used to construct a hole in the ion channel. This
region is called the M2 region (Changeux 1990).

The result of the window analysis revealed a sequence region which
had a specific function for nAChR. Icould also find some regions where

strong functional constraints are at work, but their functions are not clear.
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Figure 2.4: The window analysis for the subunits in the muscle
system. The vertical line shows the f value and the horizontal
line shows the amino acid site number of aligned sequences.
Black and dashed arrows indicate the sequence regions which
show the lower fvalues.
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Figure 2.5: The cross section of single nAChR in the muscle
system. The M2 region is marked by diagonal lines.
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2.4 Discussion

I studied the evolution of nicotinic acetylcholine subunits by

constructing phylogenetic trees, and showed that the o subunit in the

muscle system have evolved from an ancestral subunit in the nervous
system. Ialso showed that stronger functional constraints work on the
subunit which has erucial functions, and that the functional constraints
work on a particular sequence region which has a specific function.

The genomic structure of all subunits showed a general tendency that
the exon-intron structures of the former half of genes appeared similar to
each other whereas those of the latter half seemed quite different. [ then,
divided each sequence into two fragments: one fragment having 140 amino
acids from the N-terminal and the other fragment for the rest of sequence.
The former fragment contains exons 1-4 of almost all the subunits, whose
genomic structure is well conserved. I constructed phylogenetic trees for
the two fragments, separately, by the N-J method. The phylogenetic trees

for both fragments showed that the o; subunit is evolutionarily close to the
oz - o and Pz subunits. This observation does not support the proposal by
Gundelfinger (1995). Moreover, there is the possibility that the Bz and B4

subunits in the nervous system have undergone recombination to become
closer to muscle subunits. This is because in the phylogenetic tree for the

latter fragment, the Bz and B4 subunits are close to the neural subunits. In
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fact, the former fragment of the Bz and B4 subunit genes may have come

from the former fragment of muscle subunit genes by recombination. On

the other hand, the o) subunits may have functioned in the muscle system
by switching the tissue.

In my phylogenetic tree of subunits, I have paraphyletic cases for
some subunit types. For instance, there are such cases for the o3 and B2
subunits from a gold fish and the ¥ subunit from a ray. I, however, cannot
discriminate whether these cases occurred by the divergence or by the choice
of data used even if the corresponding bootstrap value is very high, because
I have only a few sequences of Pisces.

In the analysis of a degree of functional importance, I calculated the f
value. For subunits in the muscle system, fig. 2.3 shows that the o,
subunit has the lowest fvalue in the muscle system. The o subunit may
be the most conserved subunit in the muscle system, because the o,
subunit diverged first in the muscle system and binds to the ligand (See fig.
2.1). The € subunit also has a lower fvalue. Though the € subunit does
not have the same degree of functional importance as the o subunit, it has
a complementary part of the binding sites of the o1 subunit and its change

can affect binding to the ligand. Thus, stronger functional constraints also

work on this subunit. The v and & subunits have also a complementary
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part of the binding sites, but my result does not show the same degree of
functional importance as the € subunit. Although the f; subunit does not
bind to the ligand and not have a complementary part of the binding sites,
this subunit may be more important for the structure of nAChR than the
other subunits in the muscle system.

For the subunits in the nervous system, on the other hand, I could

show that the o7 subunit had the lowest fvalue. This is supported by the

fact that the a7 subunit is responsible for the crucial function to regulate

the release of neurotransmitters. The actual functions of the other

subunits in the nervous system are unclear. However, the o3 - 0s and Bs -
B3 subunits may have crucial functions because they also have lower f

values. As for the subunits in the nervous system, the coexpression of
subunits has been reported (for reviews see Role and Berg 1996). For

instance, the coexpression of the oz subunit along with the B2 or B4 subunit

15 known to produce a functional receptor in vivo, and a recent report

showed that the o5 subunit can also produce a functional receptor through
coexpression with the o4 and Bz subunits (Ramirez-Latorre et al. 1996).
The Bz subunit, however, failed to produce a functional receptor with

coexpression with any one of the other subunits in the nervous system.
Thus, [ showed that the fvalue could evaluate the degree of functional

importance of the nAChR subunits and that the window analysis could
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predict the regions where important functions exist. These analyses are
useful for giving an insight to further experimental studies for elucidating
the actual functions of these subunits.

In the window analysis, subunits in the muscle system have a
common sequence region (called the M2 region) which produces a hole in the
ion channel (fig. 2.5). When subunits produce one receptor, these subunits
may share a common region with strong functional constraints. Under
this assumption, if I perform the window analysis for subunits in the
nervous system when the nucleotide sequences of all the subunits involved
become known, [ may be able to predict the combination of subunits
necessary to produce one nAChR.

Further studies will be needed to elucidate clearer relationships
between function and evolution of all the subunits in both muscle and

nervous systems.
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2.5 Questions to be addressed

In the window analysis, the ratio of the number of nonsynonymous
substitutions to that of synonymous substitutions was used for
identification of particular regions where functional constraints are
imposed on.

It is expected that since the synonymous substitution is free from
functional constraints of a protein, the rate of synonymous substitution is
expected to be constant within a given gene. In this analysis, however, 1
found that that the number of synonymous substitutions may vary within a
subunit gene, as shown in figure 2.6. Indeed, previous studies reported
that the synonymous substitution rates may not be uniform within a gene
(Lawrence et al. 1991; Comeron and Aguadé 1996; Eyre-Walker and Bulmer
1993; Ina et al. 1994; Caccio et al. 1995; Zoubak et al. 1995). However,
several previous studies suggested that the number of synonymous
substitutions was homogeneous within a gene (Clark and Kao 1991; Caccio
et al. 1995; Zoubak et al. 1995). Thus, the intragenic variation of
synonymous substitution rates is somewhat controversial. This may be
because in the previous studies, only specific genes were used or statistical
reliability was lacked. Inthe following chapter, chapter III, I would like to
examine whether synonymous substitution rates vary within a gene by
using a larger amount of data set and by employing rigorous statistical

methods.
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site (aa)

Figure 2.6: Intragenic variation in the number (ds) of

synonymous substitutions, the number (dn) of nonsynonymous
substitutions, and the ratio (f= dn/ds) for nAChR «; subunit. The

ds, dn, and fvalues are shown with black dashed, gray dashed,
and black lines, respectively.
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CHAPTER III:

INTRAGENIC VARIATION OF
SYNONYMOUS SUBSTITUTION
RATES
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3.1 Introduction

As synonymous nucleotide substitutions do not affect the primary
structure of a protein, it has been commonly thought that functional
constraints for synonymous changes were either very weak or non-existent
(Kimura 1968; King and Jukes 1969). As a result, the rates of
synonymous substitutions were expected to be fairly uniform among
different genes as well as within a genes (Kimura 1983).

In reality, the intergenic variation of synonymous substitution rates
has been observed for most organisms (Graur 1985; Li et al. 1985; Wolfe et
al. 1989; Bernardi et al. 1993; Wolfe and Sharp 1993; Mouchiroud et al.
1995; Ohta and Ina 1995). However, the intragenic variation has been
somewhat controversial. Because the underlying spontaneous mutation
rate is considered to be more constant within a gene than among genes, the
rate of synonymous substitution is thought to be constant within a gene if
synonymous substitutions are exempted from the functional constraints at
the DNAor mENAlevels. However, several studies using the window
analysis have suggested that the synonymous rate is not uniform within a
gene.

For example, the glyceraldehyde-3-phosphate dehydrogenase and
the outer membrane protein 3Ain enteric bacteria displays intragenic
variation of synonymous substitution rates (Lawrence et al. 1991).

Synonymous rates within the Xdh gene of Drosophila are also shown not to
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be constant (Comeron and Aguadé 1996). In addition, Ina et al, (1994)
suggests reduction of synonymous substitutions in the core protein of
hepatitis C virus. Eyre-Walker and Bulmer (1993) used a sizable gene set
of 138 homologous gene pairs between E. coli and Salmonella typhimurium
and suggested that the rate of synonymous substitution is reduced near the
start of genes, although they did not quantify this analysis statistically.
Moreover, Caccio et al. (1995) and Zoubak et al. (1995) used 69 homologous
genes of four mammalian orders and they suggested that the synonymous
substitution process is nonrandom. However, when they examined
statistically homologous gene pairs of the same mammalian orders, they
could not find significant nonrandomness of synonymous substitutions.
Furthermore, the self-incompatibility locus in plants does not display
intragenic variation (Clark and Kao 1991). Thus, these previous results
were somewhat controversial for intragenic variation of synonymous
substitution rates. This may be because the previous studies used only
specific genes or lacked statistical reliability.

In order to solve this controversial issue, I examined whether there
is intragenic variation of synonymous substitution rates by using a
substantial number of gene pairs and by employing rigorous statistical
methods. Infact, [ compared 418 homologous gene pairs from Rattus
norvegicus and Mus musculus as well as 84 orthologous gene pairs from the

recently sequenced whole bacterial genomes of Mycoplasma genitalium and
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Mycoplasma pneumoniae (Fraser et al. 1995; Himmelreich et al. 1996).
These comparisons were made because a large number of genes could be
used and the divergence between two species, for both rodents and
Mycoplasmas, was not too large to confront the saturation effect of
synonymous substitutions and not too small to suffer from shortage of
substitutions. For each gene pair, I then estimated the proportion (Ps) of
synonymous differences within a gene by the window analysis. ThePs
values obtained were statistically examined to elucidate whether these
values show the intragenic variation.

I found that there is a significant variation of synonymous
substitution rates within a gene. Indeed, 92% of compared gene pairs
between mouse and rat and 95% of the gene pairs between the two species
of Mycoplasma showed the intragenic variation of the Ps values under the
5% level of significance. Therefore, synonymous substitution rates
actually vary within genes of both mammals and bacteria.

I examined all conceivable possibilities that may cause the
intragenic variation of synonymous substitutions. Inparticular, I
examined whether the rate of synonymous substitution are correlated with
that of nonsynonymous substitution, the degree of codon usage bias, the
stem or loop regions of the mRNA structures, base content, and the
frequency of CpG dinucleotides. Among these possibilities, I finally found

a significant correlation between synonymous substitutions and the
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frequency of CpG dinucleotides in rodents. Since a methylated C at CpG
dinucleotides is known to be a mutable site, my observation suggests that
intragenic variation of synonymous substitutions is caused mainly by a

nonrandom mutation due to the methylation of CpG dinucleotides.
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3.2 Materials and Methods

3.2.1 Data extraction

The gene pairs between R. norvegicus and M. musculus were
extracted from the SODHO database (Tateno et al. 1997) which was
constructed with the DDB.J database release 30. These two species
provide the largest number of homologous gene pairs currently available in
the public nucleotide sequence databases. The gene pairs between M.
genitalium and M. pneumoniae were selected from the complete genome
sequence data of Himmelreich et al. (1996) where orthologous gene pairs
have been determined. These two bacteria are most closely related
phylogenetically among genomes completely sequenced so far. These
comparisons were made for the following reasons. First, a large number of
genes could be compared. Second, the divergence between two species, for
both rodents and two species of Mycoplasma, was not too large to confront
the saturation effect of synonymous substitutions. Third, the divergence is
not too small that we may suffer from shortage of substitutions.

The following criteria were used to further select gene pairs. First,
T extracted gene pairs sharing the same function to ensure that the pair was
orthologous. Second, I eliminated from the analysis gene pairs whose gene
lengths were less than twice the window size, in order to avoid statistical

fluctuation due to the window size. Third, I used gene pairs which had no
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gaps in the pairwise alignment, guaranteeing that gene pairs were of the
same length. [am fully aware that two serious problems on the window
analysis can arise if [ use pairwise alignments with gaps: (1) if I omit the
gapped regions in a given gene sequence and then conduct the window
analysis, some windows will contain consecutive regions that are
artificially connected to each other and thereby have no biological meaning;
(2) if one ignores gaps in the calculation for a window, then the estimated
values will depend on the number of codons in the window. These
problems are more serious when the window size is relatively small.

To conduct the window analysis, a window was set on the first codon
of the pairwise alignment and shifted one codon at a time. This process
was repeated by shifting the window codon by codon until it reached the
last codon of the alignment. The window size was chosen to be 60 bases
(20 codons) unless mentioned otherwise. Ithen estimated the proportion
(Ps) of synonymous differences for each window. Use of the Ps value is
sufficient as it is free from the "saturation" effect of synonymous
substitutions. The modified Nei and Gojobori method (Zhang et al. 1998)
was used for this estimation. Inthe present study, I did not use the
original Nei and Gojobori (1986) method as it has been shown that it may
underestimate the Ps value when there is a strong transition/transversion
bias (Ina 1995). The other published estimation methods were not used

as they sometimes return inapplicable values when closely related

41



sequences are used (Zhang, et al. 1998). Furthermore, I eliminated gene
pairs which had implausibly high Ps values (Ps >1) due to statistical
fluctuation from the sampling errors.

In this way, I finally obtained 418 gene pairs from rat and mouse

and 84 gene pairs from the two species of Mycoplasma.

3.2.2 Statistical test for intragenic variation of

synonymous substitutions

In order to examine, with statistical validity, whether Ps values
vary within the gene, I generated random nucleotide sequences reflecting
codon usage of the gene pair and compared them with actual sequences,
The statistical test for each gene pair was conducted as follows. First, I
computed the frequency of each codon pair of the two gene sequences
aligned. Second, using these frequencies, | generated random nucleotide
sequences such that they have the same length as the window size and they
reflect the codon usage of the actual pairwise alignment. Third, I
generated 10,000 pairs of random sequences and estimated the Ps value for
each pair of random sequences. Thus, a random distribution of 10,000 Ps
values is obtained. Finally, [ computed the probability of the Ps value
observed for each window on the actual pairwise alignment by using the

distribution of 10,000 Ps values.

45



3.2.3 Methods for examining the cause of

intragenic variation of synonymous substitutions

I investigated the causes of intragenic variation of synonymous
substitutions by examining possible correlations hetween Ps and other
measures; the proportion (Pn) of nonsynonymous differences, the codon
usage bias, the mRNA structures, the base composition, and a frequency of
CpG dinucleotides. These were also calculated for each window.

Whenever the correlation analysis was conducted, I used the windows which
were not overlapped to each other, in order to ensure independence of
calculated measures. For each window, I computed the average of the
codon usage bias, base contents, and frequencies of CpG dinucleotides
between a pair of genes.

Because the biological background is considerably different between
rodents and Mycoplasma, [ paid my attention of the correlation analysis
only to rodents. First, I calculated Peason's correlation coefficient between
Ps values and one of these measures for each gene pair. Because [ selected
only gene pairs having at least nine non-overlapping windows, the number
of gene pairs that I could use was 316. The remaining 102 gene pairs (=
418 — 316) were not used for the correlation analysis. Second, I conducted
the t-test for each correlation coefficient by setting the significance level at

5%. Ithen calculated the probability that the observed number of gene
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pairs having correlation coefficients with statistical significance was
expected by chance with the binomial distribution. Third, I then used the
reduced 0.0158% (= 5%/316) level of significance for each correlation
coefficients in accordance with the Bonferroni method. In the Bonferroni
method, the overall significance level divided by the number of comparisons
1s used as a significance level for each comparison. This is because the
overall significance level may become larger than 5% if I use the 5% of
significance for each correlation coefficient.  IfIfind at least one
significant correlation coefficient by this method, I can exclude a possibility
that significance of the overall correlation between Ps and the measure
examined took place by chance.

Icalculated the GC1%, GC2%, and GC3% (the GC content at the 1st,
2nd, and 3rd positions of the codon, respectively) as base compositions.
When I calculated these measures, I excluded codons having no synonymous
codons because they do not contribute to synonymous substitutions. Such
codons were Met and Trp in the comparison between mouse and rat.

T used ENC (an effective number of codons) as a measure of codon
usage bias (Wright 1990). This measure quantifies how far the codon
usage of a gene departs from equal usage of synonymous codons. Note
that when the short length of windows is used, the biased value of ENC is
likely to be obtained (Comeron and Aguadé 1998). Thus, for the

comparison between the Ps and ENC values, I used 300 bp of the window
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length instead of a regular window size of 60 bp.
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3.3 Results
3.3.1 A significant intragenic variation of

synonymous substitution rates

Table 3.1 summarizes the results of the statistical test that was
conducted to check significance of intragenic variation of the Ps values.
Interestingly enough, these results indicate that almost all gene pairs
examined have at least one intragenic region where synonymous variation
1s statistically significant. In this region, the Ps value is high or low at the
5% level of significance. Inthe comparison between mouse and rat, 92% of
418 gene pairs showed statistically significant variation of the Ps values
within a gene. Inthe comparison of two species of Mycoplasma, 94% of 84
gene pairs showed the significant variation.

These results were not overly affected by a window size. When I
used a window size of 540 bases (180 codons) instead of 60 bases, 54% of
the gene pairs of rodents compared showed statistically significance in
intragenic variation of the Ps values. Therefore, in spite of the relatively
large window size of 540 bp, which is about half of the average gene length
over all 418 gene pairs of rodents, more than half of the compared gene
pairs still showed statistically significant variation of synonymous
substitution rates within a gene.

Although a longer length gene was expected to show significant
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variation, I did not observe any notable correlation between the gene length
and the number of intragenic regions where the Ps value is significantly
high or low (data not shown).

Figures 3.1 (a)—(d) show the intragenic variation of Ps values for
four gene pairs, as an example. The p value for each of Ps values is shown
in these figures, demonstrating that I can identify the intragenic regions

where the Ps value is significantly high or low.

E!nmparisun Total # of p:u? ol s1gn p:zur:r.iii

M. genitalium vs M. pneumoniae B4 79(94%)

R. norvegicus vs M. musculus 418 384(929%)

Table 3.1 The number of gene pairs which showed statistically significant
variation of the Ps values within a gene. (V1 used the 5% level of

significance for each comparison of gene pair.
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Figure 3.1: Four examples for the intragenic variation of Ps values.
{a) iron responsive element binding factor of mouse and rat

(b) thiazide-sensitive sedium-chloride cotransporter of mouse and rat
(c) ATP-dependent protease in Mycoplasmas

{d) ribonucleoside-diphosphate reductase in Mycoplasmas

red line: Pa valuesa, blue line: the p values for each of Ps values
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3.3.2 Possible causes of intragenic variation

Three possible explanations for intergenic variation have been
proposed so far by previous studies. These explanations can be also
applied for intragenic variation. Adding two new explanations, I examined
a total of five possible causes of intragenic variation of synonymous
substitutions.

First, functional constraints at the protein level, which typically
affect nonsynonymous substitutions, could also operate on synonymous
substitutions. Second, synonymous substitutions could be constrained by
the codon usage bias. Third, the intragenic variation of synonymous
substitutions may be due to the secondary structure of mRNA. Fourth,
the intragenic variation may be caused by heterogeneity of base
composition. Fifth and finally, there is a possibility that an underlying
mutation rate varies within a gene. In the followings, these possibilities
were examined gene by gene, by using gene pairs of rodents only, because
the biological background is considerably different between rodents and

Mycoplasmas.

(1) Functional constraints at the protein level
I examined the possibility that functional constraints against
nonsynonymous substitutions work even on synonymous substitutions.

This possibility was deduced from the observation that the gene having a
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low rate of synonymous substitution also manifests a low rate of
nonsynonymous substitution. In fact, this has been observed in bacteria,
Droszophila, and mammals (Graur 1985; Li et al. 1985; Wolfe et al. 1989;
Bernardi et al. 1993; Wolfe and Sharp 1993; Mouchiroud et al. 1995; Ohta
and Ina 1995). Inorder to examine this possibility, I conducted a window
analysis for computing the proportions (Pn) of nonsynonymous differences.
Table 3.2 shows the number of gene pairs in which correlations between the
Ps and Pn were found to be significant. As shown in table 3.2, 49 out of
316 gene pairs of rodents showed the significant correlation at the 5% level
of significance. When [ used a lower level of significance, that is, 0.0158%
according to Bonferroni method, only one gene pair showed significance in a
correlation between Ps and Pn. Thus, the intragenic variation of
synonymous substitution rates may be, to some extent, caused by
functional constraints of proteins. One such possible constraint may
originate from translational efficiency that depends upon the occurrence
frequency of rare codons, because amino acids encoded by the rare codons

eventually affect protein function.

(2) Bias of codon usages
I examined codon usage bias, though it is also related to the above-
mentioned possibility. Numerous studies of Drosophila genes have shown

that the degree of codon usage bias is negatively correlated with the rate of
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synonymous substitution (Shields et al. 1988; Sharp and Li 1989;
Moriyama and Gojobori 1992). Inbacteria and yeast, the degree of codon
usage bias is correlated with the level of gene expression, and the codon
used most frequently in each synonymous codon family shows a clear
relationship with tRNA-abundance (Ikemura 1981; 1982; Sharp and Li
1986). Moreover, it has been shown that genes having a strong bias of
codon usage have evolved with a slower rate of synonymous substitution
(Sharp and L1 1986; Powell and Moriyvama 1997). It has also been
suggested that selection for translation accuracy works on synonymous
substitutions (Akashi 1994).

To test a possible relationship between the intragenic variation of
synonymous substitution rates and the degree of codon usage bias, I
calculated the ENC value by the window analysis. The ENC values
quantify how far the codon usage of a gene departs from equal usage of
synonymous codons (Wright 1990). Because I used 300 bp of the window
length instead of a regular window size of 60 bp as described in materials
and methods, the number of gene pairs compared reduced to 9. As shown
in table 3.2, only 2 out of 9 gene pairs showed significance in a correlation
between Ps and ENC. This number of gene pairs showing significant
correlations was not enough to conclude statistical significance of the
overall correlation between Ps and ENC. This is because the probability

that the observed number of gene pairs having significant correlation
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coefficients was expected by chance was not less than the 5% of significance
level. Indeed, when the lower level of significance is adopted, I could not
find any gene pair showing significant correlation between Ps and ENC.

Two previous studies, which focused on the intragenic variation,
also observed no correlation between the rate of synonymous substitutions
and the degree of codon usage bias (Lawrence et al. 1991; Comeron and

Aguade 1996).

(3) The secondary structure of mRNAs.

The observation of no correlation between the intragenic variation
of synonymous substitution rates and the codon usage bias would be
understandable if selection was acting only on mRNA secondary structure
(Eyre-Walker and Bulmer 1993). [Inother words, it suggests that
functional constraints working on synonymous substitutions are at the
mRNA level, not at the protein level. Indeed, several studies have
reported that there is a relationship between mRNA secondary structure
and synonymous substitutions in the genes of bacteria and hepatitis C
virus (Lawrence et al. 1991; Comeron and Aguadé 1996; Smith and
Simmonds 1997). Ithen investigated possible functional constraints for
maintenance of mENA secondary structure affecting synonymous
substitutions. Unfortunately, only three gene pairs in my data set have

descriptions of their mRNA sequences in the entries of the
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EMBL/GenBank/DDB.J database. This is because although I could use the
cDNA data for prediction of a mRNA secondary structure, the lack of 5'- and
3' untranslated regions affect the result of prediction. Thus, [ used three
gene pairs of the histone subunit 1, glycoprotein hormone alpha subunit,
and regenerating protein I. However, only the histone subunit 1 among
three gene pairs showed statistical significance in intragenic variation at
the 5% level. Although the number of data is very limited, [ estimated a
mRNA secondary structure for each of histone subunit 1 genes of mouse

and rat by the mfold software version 2.3 (Zuker 1989). As shown in figure
3.2, the intragenic region where Ps is significantly high, could be observed in
both the stem and loop regions. On the other hand, the intragenic region
where Ps is significantly low tended to be observed in the loop region of
mRNA structures of both mouse and rat. However, the structural features
corresponding specifically to these regions are quite different from each
other. Thus, the possibility of functional constraints at the mRNA level is
deniable, at present, as a cause of the intragenic variation of synonymous

substitution rates.

(4) Base composition
I considered the possibility of functional constraints acting at the
DNA level (Ticher and Graur 1989; Wolfe and Sharp 1993). It has been

recently suggested that there are functional constraints which maintain a
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particular base composition (AlvarezValin et al. 1998). To test this
possibility, I calculated the GC1%, GC2%, and GC3% and examined their
correlations with Ps. The GC1%, GC2%, and GC3% are the GC content at
the 1st, 2nd, and 3rd positions of the codon, respectively. As a result, for
GC1%, GC2%, and GC3%, 61, 64, and 71 gene pairs out of 316 showed
significant correlations with Ps at the 5% level of significance, respectively.
These results are shown in table 3.2. Among these three measures, only
GC3% showed overall significance of its correlation with Ps because 2 gene

pairs showed significant correlations when I used a lower significance level.

(5) Spontaneous mutation rate

Finally, I investigated the remaining possibility that the intragenic
variation of synonymous substitutions reflect heterogeneity of the mutation
rate within a gene. Such nonrandomness of mutation has been known to
be 'hotspots' of mutation. Inorder to examine this possibility for
nonrandomness of mutation, I calculated the average frequency of CpG
dinucleotides, because almost all regions of vertebrate genomes are subject
to methylation and it is generally accepted that the methylcytosine, which
is known as a mutable site, exists primarily in the CpG dinucleotide (for
review, see Bird 1993; Holliday and Grigg 1993). As shown in table 3.2, 65
gene pairs out of 316 showed significant correlations between Ps and C1G2

(CG dinucleotides of the first and second codon positions), and 67 gene

58



pairs showed significant correlation between Ps and C2G3 (CG
dinucleotides of the second and third codon positions). Moreover, C3G1
(CG dinucleotides of the third and first codon positions spanning two
codons) showed statistically significant correlations with the Ps values for
90 gene pairs. When Iused a lower level of significance, only one gene pair
showed a significant correlation between Ps and C1G2. Interestingly
enough, a larger number of 5 gene pairs showed significant correlations
between Ps and C2G3 at a lower level of significance. Moreover, for C3G1,
a larger number of 4 gene pairs showed significant correlations with Ps at a
lower level of significance. Thus, gene pairs having significant correlations
with Ps were more frequently observed in the correlation analysis for C2G3
and C3G1 than in the other correlation analysis. These results lead me to
the possibility that intragenic variation of synonymous substitutions
reflects heterogeneity of the mutation rate within a gene.

Among the above-mentioned possibilities (1)=(5), when I caleulated
the probability that the observed number of significant correlation
coefficients is expected by chance, all measures except ENC showed that
correlations with the Ps are statistically significant at the 5% level. Thus,
at this stage, a possibility for the degree of codon usage bias was rejected.
Moreover, when I used a lower level of significance, GC1% and GC2% did
not show significant correlation with Ps at all. Therefore, I eliminated the

possibilities for base compositions at the 1st and 2nd positions of the codon.
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On the other hand, the possibility for base compositions (GC3%) at the 3rd
position of the codon remained because 2 gene pairs showed significant
correlations between Ps and GC3%. Thus, including this possibility, the
remaining possibilities were (1) functional constraints at the protein level,
(2) base composition at the 3rd position of the codon, and (3) spontaneous
mutation rate. These possibilities were examined by five measures of Pn,
GC3%, C1G2, C2G3, and C3G1.

Then, I investigated the frequency distribution for the probabilities
of correlation coefficients, as shown in figure 3.3. For each correlation
analysis, I computed the probability for each of 316 correlation coefficients.
As shown in figure 3.3, a probability lower than 1% was most frequently
observed in the correlation analysis for all of these five measures.
However, C3G1 showed the largest number of correlation coefficients
having the probability lower than 1% when compared with the other
measures. The second largest number of correlation coefficients having a
probability lower than 1% was observed in the correlation analysis of C2G3.
Therefore, I considered that the frequencies of C2G3 and C3G1
dinucleotides may be related to the cause of intragenic variation of
synonymous substitutions.

Figure 3.4 shows one example of a gene pair of interleukin-1
receptor accessory protein. Out of 69 codon pairs where synonymous

substitutions can be observed, 23 codons have dinucleotide C2G3 or C3G1
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in either one of a codon pair. At these codon sites having synonymous
changes, the most frequently observed substitution for C3G1 is a
substitution from C to T at T3G1, whereas the one for C2G3 is a
substitution from G to A, resulting in C2A3. This observation is
consistent with mutation at a CpG dinucleotide producing a TpG and its
complementary CpA dinucleotide.

My results, including the correlation analysis described above,
always showed the strong correlation between synonymous substitution
rates and frequencies of CpG dinucleotides. Since methylated CpG
dinucleotide has been known as a mutable site in mammals, I finally
concluded that at least in mammals, intragenic variation of synonymous
substitutions is caused mainly by a nonrandom mutation due to the

methylation of CpG dinucleotides.
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# of sig. par  Prob. # of sig. pair" +-
(5% level) (0.0158% level)

Pn 50 2.74x 10" 4049 1 1/0
ENC 2 0.071 o2 0 -/~
GCl1% 61 1.39% 10" 32/29 0 -/-
GC2% 64 1.31 =10 39/25 0 -f-
GC3% 71 1.26 % 100®  31/40 2 072
Cl1G2 65 266100 40/25 | 1/0
C2G3 67 1.04 %10 59/8 5 5/0
C3GlI 90 41710 819 4 4/0

Table 3.2 Examination of possible causes of intragenic variation of
(1) Total number of gene pairs which show
(2) The probability that the observed
number of gene pairs having significant correlation coefficients was

synonymous substitutions.
significant correlations with Ps.

expected by chance.

positive and negative correlations with Ps, respectively.
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Figure 3.2: Estimated mRNA secondary structures of histone subunit 1 genes
of both mouse and rat. Light red and blue lines correapond to the region where
aignificantly high and low Ps values were shown, reapectively. Red and blue
regions contain sites in which synonymous substitutions were obzerved.
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Figure 3.3: The frequency distribution for the p values of
316 correlation coefficients in each correlation analysis.

probability
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3.4 Discussion

In this paper, I have shown that synonymous substitutions
significantly vary within a gene, by using a substantial number of data set
and employing an appropriate statistical test. Moreover, I found that
intragenic variation of synonymous substitutions is mainly due to an
nonrandom mutation within a gene.

Although I concluded that a nonrandom mutation due to the
methylation of CpG dinucleotides was the main cause of intragenic
variation of synonymous substitutions, it is also possible that functional
constraints of the base composition cause intragenic variation of
synonymous substitution rates. This is because 2 gene pairs showed
significant correlations with Ps and GC3% when I used a lower significance
level. However, I think that these correlations can be explained by a
nonrandom mutation due to the methylated CpG dinucleotides in the
following observations. Ifirst observed that 2 gene pairs having
significant correlations between Ps and GC3% always showed 'negative'
correlations (Table 3.2). On the other hand, C1G2, C2G3, and C3G1 were
always shown to have 'positive’ correlations for the gene pairs having
statistically significant correlations with Ps at a lower level (Table 3.2).
Therefore, these opposite correlations of these measures with Ps lead to the
possibility that synonymous substitutions can be frequently observed at

the codon sites having CpG dinucleotides and, at the same time, GC3% is
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reduced at the codon sites. Indeed, I observed this possibility in the gene
pair in figure 3.4. Among 13 C3G1 codon pairs having synonymous
changes, the most frequently observed substitution is from C3G1 to T3G1.
Moreover, the most frequently observed substitution is from C2G3 to C2A3
among 10 C2G3 codons pairs with synonymous changes. Thus,
synonymous substitutions at the codon pairs having CpG dinucleotides
make the cause of reduction of GC3%. Therefore, intragenic variation of
synonymous substitutions is mainly caused by a nonrandom mutation due
to the methylation of CpG dinucleotides rather than by functional
constraints of the base composition. Since DNA methylation in
vertebrates could control gene activities, one may infer that the mutation
from a CpG dinucleotide to a TpG/CpA dinucleotide influences gene
regulation by methylation. Howewver, synonymous substitutions at CpG
dinucleotides may not affect the gene regulation because other

substitutions could supply CpG dinucleotides.

In this discussion, I focused my study on possible cause of intragenic
variation of synonymous substitutions in mouse and rat. [did not observe
similar correlations between synonymous substitution rates and CpG in
the two Mycoplasmas. This may be because biological backgrounds are
very much different between prokaryotes and eukaryotes. Inparticular,

the two species of Mycoplasma have features distinctive from rodents in

67



the following points. The divergence in GC% between the two species of
Mycoplasma is quite different when compared with that of rodents. This
difference leads me to the possible confrontation that it is difficult to
explain the intragenic variation by the GC content. As mentioned earlier,
the codon usage bias in bacteria directly affects the level of gene expression.
This may imply that the codon usage bias within a gene of bacteria can
cause the intragenic variation of synonymous substitutions more severely
than that of mammals. Moreover, not only the methylation pattern but
also the role of methylation in bacterial genomes may be quite different
from vertebrate genomes having CpG islands.

However, my findings that for rodents the intragenic variation of
synonymous substitutions may be caused by nonrandom mutation may
also apply to Mycoplasma. At any rate, more detailed analysis is needed

to identify the cause of the intragenic variation in the bacteria.
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CHAPTER IV

SUMMARY
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A nucleotide substitution in the protein-coding gene sequences is
classified into synonymous or nonsynonymous substitution. The
synonymous substitution, which does not cause an amino acid change, is free
from functional constraints of a protein whereas the nonsynonymous
substitution, which does cause an amino acid change, is essentially
constrained by protein function. Thus, the rate of synonymous substitution
is expected to be constant within a given gene because the underlying
spontaneous mutation rate is considered to be more constant within a gene
than among genes. Moreover, it is expected that synonymous substitutions
take place more frequently than nonsynonymous substitutions. Since the
synonymous substitution is exempted from functional constraints of a
protein whereas the nonsynonymous substitution is essentially constrained
by protein function, the difference between the numbers of synonymous and
nonsynonymous substitutions is thought to reflect the degree of functional
importance for a protein.

In chapter I, I first described the history for estimation methods of
synonymous and nonsynonymous substitution rates and the outline of the
present thesis, placing particular emphasis on the motivation and purpose
of my study.

In chapter II, I found the difference between the numbers of
synonymous and nonsynonymous substitutions could be utilized for

evaluating the functional importance for genes as well as intragenic regions
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with special reference to nicotinic acetylcholine receptor (nAChR) subunit
genes. nAChR is composed of 16 types of subunits, which expressed in both

nervous and muscle systems. There are five types of a1, B1, v, 8, and €
subunits in the muscle system, whereas it is known that there are eight o-
type (named o2 — ag9) and three -type (classified as 2 — B4) subunits in the

nervous system. Ifirst examined an evolutionary relationship among these
subunits by constructing the phylogenetic tree.

By using 84 nucleotide sequences of receptor subunits from 18
different species, I showed that the common ancestor of all subunits may
have appeared first in the nervous system. Moreover, [ suggested that the

ot] subunits in the muscle system originated from the common ancestor of
o2, o3, 04, 05, 06, and B3 in the nervous system, whereas the 1, v, 8, and &
subunits in the muscle system shared the common ancestor with the B2 and
B4 subunits in the nervous system. Next, on the basis of the evolutionary

relationship among these subunits, [ examined the degree of functional
importance for these subunit genes as well as intragenic regions of a subunit.
Calculation of the ratio (f) of the number of nonsynonymous substitutions to
that of synonymous substitutions suggested that very strong functional

constraints work on the o] subunit among 5 types of subunits in the muscle

system and the o7 subunits among 11 types of the nervous subunits.



These findings are consistent with the fact that these subunits have crucial

functions for the receptor; the a1 subunit has binding sites to the ligand and
the o7-containing receptor regulates the release of the transmitter.

Moreover, by applying calculation of the fvalue to the intragenic regions, I

found that strong functional constraints work on binding sites in the ot

subunit and the so-called M2 region, which constructs a hole in the ion
channel, in all 5 types of the muscle subunits. Therefore, I concluded that
comparison between the number of synonymous and nonsynonymous
substitutions can be useful for evaluation of functional importance of
subunits as well as intragenic regions of a subunit.

In chapter III, I successfully showed that the rate of synonymous
substitution is variable not only among genes but also within a gene, by
using a substantial number of data set and by employing rigorous
statistical methods. To avoid the saturation effect of synonymous
substitutions and to use a large number of gene pairs, we used 418
homologous gene pairs from Rattus norvegicus and Mus musculus as well as
84 orthologous gene pairs from the whole bacterial genomes of Mycoplasma
genitalium and Mycoplasma pneumoniae. [found that 92% of gene pairs
of rodents showed the significant variation of synonymous substitution rates
within a gene. Moreover, 94% of gene pairs of Mycoplasmas showed the

significant variation. Therefore, synonymous substitution rates actually
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vary within genes for both of mammals and bacteria. Furthermore, in this
chapter, I examined all conceivable possibilities that may cause the
intragenic variation of synonymous substitutions. In particular, I examined
whether the rate of synonymous substitution are correlated with that of
nonsynonymous substitution, the degree of codon usage bias, mRNA
secondary structures, base content, and the frequency of CpG dinucleotides.
I finally found a significant correlation between synonymous substitutions
and the frequency of CpG dinucleotides in rodents. Since a methylated C at
CpG dinucleotides is known to be a mutable site, our observation suggests
that intragenic variation of synonymous substitutions is caused mainly by a
nonrandom mutation due to the methylation of CpG dinucleotides.

As the future development of this line of study, I would think that
more data of comparable sequences, the accumulation of which can be
expected particularly by the genome projects of various organisms, can be
used for the studies of evaluating of functional importance of the intragenic
regions, along with the elucidation of more detailed molecular mechanisms
of intragenic variation of synonymous substitutions. These studies will
become powerful tools for predicting and identifying a particular region of
having important function within a gene. Moreover, these studies will give
deep insight into the evolutionary process of functional differentiation of

genes.
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