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ABSTRACT

This dissertation addresses the 4.9 kb (kilobases) nucleotide sequences of
mitochondrial (mt) DNAs from five hominoid species (common and pygmy
chimpanzees, gorilla, orangutan and simang), and presents their detailed analyses,
together with the known human whole sequence, to assess the tempo and mode of
hominoid miDNA evolution. Particular attention was paid to the rate of synonymous
substitutions in protein coding region as well as of silent substitutions in other regions.
This work was further extended to the whole mitochondrial genomes of four hominoid
species (human, common chimpanzee, gorilla and orangutan) with additionally
determined 10 to 12 kb mtDNAs from common chimpanzee, gorilla and orangutan.
These hominoid mtDNAs revealed several functionally and evolutionarily characteristic

features and provided useful information on the history of hominoid species.

Most significant observations drawn from the present data are summarized as
follows. First, comparison of the base compositions in any specified region of hominoid
mtDNAs showed a strong base composition bias, as observed in other vertebrate
mtDNAs. The L-strand of hominoid mtDNAs is rich in A (adenine) and C (cytosine)
contents, but low in G (guanine) content. Base composition biases are strongest at the
third codon positions and are evident along the whole genome, independent of the
genomic regions. Both codon usage and amino acid preference of mitochondrial protein
genes are in agreement with the base composition biases. These observations suggested
that there is a biased mutation pressure in mtDNA. A possible cause may be differental
deaminations of C residues owing to the asymmetric replication of both L- and H-strands
of m{DNA. It is possible that differential deamination has resulted in the reduced number
of C residues in the H-strand, although there has been no clear evidence for this

possibility in hominoid mtDNAs.
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Second, there exist functionally important nucleotide sites over the genome.
Together with information on tertiary structures of proteins, as well as on secondary
structures of transfer (1) RNAs, ribosomal (r) RNA genes and noncoding regions, the
distribution of variable sites among hominoid mtDNAs suggested that some nucleotide
sites have been playing important roles in peptide folding, assembly of proteins, or
interaction to some other proteins and regulatory elements. Noteworthy are two
functionally distinct regions in the major noncoding region (D-loop). One is concerned
with promoter sequences for transcription and the other is with three conserved blocks.
Oranguan mitDNA sequence revealed unusual substitutions at both of these regions.
This suggested that the replication and transcription machinery in orangutan mtDNA may

differ from that of other hominoid mtDNAs.

Third, comparison of nucleotide differences observed among closely related
hominoids revealed a remarkably biased mode of changes. Between human and
chimpanzee, 70% of the observed nucleotide differences are silent changes that occur
mostly in the small noncoding regions or at the third codon positions of protein genes.
Extensive deletions and additions are observed, but they are found only in the noncoding
regions. Such observations suggesied a conserved mode of the evolution of hominoid
miDNA genomes. There is also a strong preference to transitions over transversions.
QOut of 852 variable third positions of codons between the human and common
chimpanzee mtDNAs, 93% account for transitions of which 66% are TC transitions (in
the L-strand). Within the remaining 7% transversions, CA differences are most frequent
while GT are least. These substitution biases correlate well with biased base

compositions, particularly the low G content of the L-strand.

Fourth, owing to the outnumbered transitions and strong biases in the base
compositions, synonymous substitutions reach rapidly a rather low saturation level. AG
transitions attain a saturation level lower than TC transitions (in the L-strand), and such a
low ceiling is observed even between the human and chimpanzee pair that diverged

around five million years ago. At present, it seems inevitable to select appropriate



regions that have experienced theoretically tractable numbers of substitutions. In the case
of hominoid mtDNAs, candidates are all types of changes in the tRNA and rRNA
regions, transversions in the noncoding regions, and nonsynonymous changes and

synonymous transversions in the protein coding regions,

Fifth, rapidly evolving mtDNAs are potentially useful for addressing classical
issues in taxonomy, provided that each nucletide site has not undergone extensive
multiple-hit substitutions. From the whole 16209 sites of mtDNAs compared among the
four hominoid species, it appears that 12137 such sites are suitable to phylogenetic use.
The analysis strengthened the pattern and dating in hominoid diversification inferred from
the previous analysis of 4.9 kb region in six hominoid species (among African apes,
gorilla diverged first about 7.7 million years ago and then chimpanzee and human became

distinct about 4.7 million years ago).

Finally, the synonymous and nonsynonymous substitution rates were examined
under the assumption of the gorilla divergence being 7.7 million years ago. The extent of
the compositional biases differs from gene to gene. Such differences in base
compaositions, even if small, can bring about considerable variations in observed
synonymous differences, and may result in the region-dependent estimate of the
synonymous substitution rate. A care should be taken for heterogeneous transition and
base composition biases as well as different saturation levels of transition changes. The
synonymous substitution rate estimated with this caution showed the uniformity over
genes (2.37 + 0.11 x 10-8 per site per year) and the high transition rate, about 17 times
faster than the transversion rate. These synonymous and transition rates are comparable
to the silent substitution rate in the noncoding segments dispersed between genes. On the
other hand, the rate of nonsynonymous substitutions differs considerably from gene to
gene as expected under the neutral theory of molecular evolution. The average
differences in the gorilla - human and gorilla - chimpanzee comparisons indicated that the
lowest rate is 0.7 x 109 per site per year for COI and that the highest rate is 5.7 x 10-9

for ATPase 8. The degree of functional constraints (measured by the ratio of the



nonsynonymous to the synonymous substitotion rate) 1s 0.03 for COf and 0.24 for
ATPase 8. tRNA genes also showed variability in the base content and thus in the extent
of nucleotide differences as well. The substitution rate averaged over 22 tRNAs is 5.6 x
10-9 per site per year. The rate for 7125 rRNA and 165 rRNA is 4.1 x 109 and 6.9 x
10-9 per site per year, respectively. All of these observations strongly suggested that

mutatons themselves occur more or less with the same rate and compositional biases.
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CHAPTER ONE
INTRODUCTION

Ever since Darwin, man's place in nature, from either a zoocentric or
anthropocentric perspective, has been a cardinal question in building comprehensive
systems in biology (Darwin 1859; Huxley 1894; Gould 1980). With contributions from
both biochemistry and molecular biology and with the discovery of molecular clocks
which allows to date molecular events in geological time scales, it has become possible to‘
trace with greater assurance the history of hominoids (Zuckerkandl and Pauling 1965;
Sarich and Wilson 1967). The idea of using molecules és clocks for phylogenetic
analysis rests on an assumption: Once a species diverges and becomes two separate
lineages, they accumulate changes or mutations independently. The longer the separation
time, the larger number of accumulaied mutations. If the rate of accumulation remains
steady through time and if this rate is inferred, the biochemical differences between the
two species can be converted into physical time since they diverged from a common

ancestor.

A great advance in understanding the vertebrate mitochondrial evolution first came
with direc_t sequence comparisons of hominoid mitochondrial (mt) DNAs (Brown et al.
1982). From the analysis of portions of two protein genes and three transfer (t) RNAs,
there were three important observations. First, the rate of evolution was about five to 10
times higher than that of nuclear DNA. Second, the ratio of nonsynonymous changes
(changes that result in amino acid replacements) to synonymous changes (changes that do
not result in amino acid replacements) was small, implying that the nonsynonymous sites
of mtDNA are evolutionarily conserved by natural selection. Third, mtDNA has evolved

with a bias toward transitions (substitutions between C and T, and A and G).

Subsequently, these observations have been confirmed from various parts of primate
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miDNAs (Hixson and Brown 1986; Foran et al. 1988; Hayasaka et al. 1988; Kocher and
Wilson 1991; Ruvolo et al. 1991). Unfortunately, most studies were based on only 5%
of the total mtDNA length, and nevertheless these have long been regarded as
representatives of the tempo and mode of mtDNA evolution. There was a clear need to
obtain more accurate information. One way to achieve this aim is to quantitatively analyze
a long strerch of mtDNA sequences from closely related species that have different
divergence times. For this reason, I have focused on the evolution of mtDNAs taken
from human, chimpanzees, gorilla, and orangutan and tried to obtain more complete

information on the sequences.

My approach was to determine and compare the whole mtDNA genome of the
four hominoid species (human, common chimpanzee, gorilia, and orangutan) and to
analyze 4.9 kilobases (kb) mtDNA segments in detail for these species as well as pygmy
chimpanzee and siamang (Horai et al. 1992). A special attention was paid to the
nucleotide changes on the gene-by-gene basis and in the categories of different types of
substitutions, such as transversions, transitions, synonymous, nonsynonymous, and
codon positions. The detailed examination on the evolutionary characteristics of mtDNAs
allowed to point out several new results and cautions in using mtDNA for evolutionary
studies. Such gene-by-gene analysis has not been possible with the short portions of
mtDNA sequences that had been available before the present data. Owing to a large data
set that I used, it was possible to obtain many informative changes. I have reexamined
the pattern and dating in hominoid diversification. Finally, considering the characteristics
of mtDNA substitutions, [ have estimated the rate of nucleotide substitutions, in particular
the synonymous and/or silent substitution rate. Before going on to the subject, I would

like to briefly introduce the background of my thesis.
Mitochondrion

A mitochondrion is a small (0.5-1.0 wm by 5-10 pm) round-shaped, cytoplasmic

organelle found only in eukaryotes (Alberts et al. 1989). Hundreds of these self-




replicating organella may be found in a single mammalian cell. The functional role of the
mitochondria is to generate energy necessary for all cells to function efficiently producing
ATP (adenosine triphosphate) mediated through the process of oxidative
phosphorylation. Animal mitochondria possess a distinct double-stranded circular
genome - mtDNA — that 1s independent of the nuclear genome and has proven to be of
great utility in evolutionary studies. Each mitochondrion contains many mtDNA
molecules. Hence, there are hundreds to thousand mtDNAs in each mammalian cell, and

this facilitates isolanon and examination of these molecules.
Organization of mammalian mtDNA

A great deal of information on the structure and organization of animal mtDNA
was provided from the following complete nucleotide sequences: human (Anderson et al.
1981), mouse (Bibb et al. 1981), rat (Gadaleta et al. 1989), cow (Anderson et al. 1982),
fin whale (Arnason et al. 1991), seal (Arnason and Johnsson 1992), chicken (Desjardins
and Morais, 1990), frog (Roe et al. 1985), fly (Clary and Wolstenholm 1985), and sea
urchins (Jacobs et al. 1989; Cantatore et al. 1989). Partial mtDNA sequence data from
various organisms have also been accumulating rapidly, owing to the advent of molecular
techniques. One of most convenient techniques recently developed is to directly sequence
DNA segments amplified by the polymerase chain reaction (PCR) (Kocher et al. 1989;
Irwin et al. 1991). The complete sequence of human mtDNA 1s 16,569 base pairs (bp)
long (Anderson et al. 1981). The molecule encodes 13 proteins, 22 tRNAs, two
ribosomal (r) RNAs and is diagrammed in Figure 1.1 (Anderson et al. 1981; Chomyn et
al. 1985).

All mitochondrial proteins are involved in electron transport and intracellular
respiration and belong to five respiratory complexes (Table 1.1). Although the vast

majority of proteins required for mitochondrial function are nuclear-coded and imported

from the cytoplasm, the proper functioning of mitochondrial genes is essential to life.




Figure 1.1 Organization of human mitochondrial DNA.

The organization of human mtDNA genome (Anderson et al. 1981). Abbreviations for
the genes are as follows: two ribosomal RNA genes (128 and 16S); seven genes for
NADH (nicotinamide adenine dinucleotide dehydrogenase) subunits (N1 to N6, N4L);
three genes for cytochrome oxidase subunits (COI to COIID); two genes for ATPase
subunits (6 and 8); the gene for cytochrome b (Cyt b); single letter codes for the 22
ransfer RNA genes. The origin of replication of heavy (Op) and light (Oy) strands are
designated within the solid bars representing noncoding regions. Relative location of the
functional segments in the D-loop region is also indicated: promoters for transcription
from the light (LSP) and heavy (HSP) strands, the conserved sequence blocks (CSB-1,
CSB-2 and CSB-3), termination associated sequences (TAS). Small arrows indicate the
directions of transcription and the large arrow shows the direction of H-strand replication.

All 13 protein subunits take part in respiratory complexes embedded in the mitochondrial

innermembrane (See Table 4.1).
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The genetic content and organization of mtDNA have been reviewed recently by Gray

(1989).

Figure 1.1 reveals that the genes are organized in an extremely compact form.
There are no introns in the coding regions. Except in the displacement-loop (D-loop)
region, usually there are less than 10 bp noncoding DNA in the coding regions. Most of
the genes are transcribed from the leading strand, termed as the heavy (H)-strand,
because of its greater buoyant density in alkaline cesium chloride gradients as a
consequence of a positive G + T bias in its base compositions. The genes transcribed
from the H-strand are the two ribosomal (r) RNA genes, 14 transfer (t) RNA genes, and
12 protein-coding genes (Ojala et al. 1981). Genes transcribed from the opposite strand,

the light (L)-strand, are eight tRNA genes and a protein gene (ND6).

Although the D-loop region apparently does not contain structural genes, it too has
essential functions. The origins of transcription for both mtDNA strands are found in this
segment in addition to the origin of H-strand replication (OH). Other functional elements
include promoters for both H and L-strand transcription (HSP and LSP in Figure 1.1;
Chang and Clayton 1984; Hixson and Clayton 1985}, three transcription factor binding
sites (Fisher et al. 1987), and the conserved sequence blocks (CSBs 1, 2, 3) that are
associated with the start of DNA synthesis (Walberg et al. 1981). The sites which are
related to these functional elements in the control region are generally conserved, only
with some exceptions in limited numbers of species (Walberg et al. 1981; Hixson and

Clayton 1985; Brown et al. 1986; King and Low 1987).
Transcription and replication of mammalian mtDNA

The mitochondrial function has been comprehensively reviewed by Anderson et
al. (1981), Clayton (1982; 1984; 1988) and Attardi (1985). Replication of the H- and L-
strands of the mitochondrial genome initiates from separate origins that differ in primary

sequence and factors involved in replication (Clayton 1982). The OH is located in the D-

loop whereas the origin of L-strand replication (OL) is nested within a cluster of five




tRNA genes. A commitment to mtDNA replication begins by initiation of H-strand
synthesis that results in strand elongation over the entire genome. Initiation of the L-
strand synthesis only occurs after OLis exposed as a single-stranded template.
Consequently, when replicating, the H- and L-strands experience the single-stranded state
for different periods of time. For H-strand, nucleotide positions proximal to the OL spend
least time at the single stranded state. Nucleotide positions distal from the OL in the

direction of the L.-strand synthesis spend increasing time at the single stranded state.

Each strand of the mtDNA genome is transcribed from a single major promoter in
the D-loop region. The two transcription start sites are apart by about 150 bp and the
promoters (HSP and LSP) do not overlap, thus functioning as independent entities.
Transcription of each strand occurs polycistronicly (Montoya et al. 1982; Chang and
Clayton 1984; Bogenhagen et al. 1984). tRNA sequences interspersed between rRNA
and protein coding sequences are thought to be recognized as processing signals. After
precise cleavage from the primary transcripts, rRNAs are oligoadenylated, mRNAs are
polyadenylated, and CCA 3' terminus is added to the tRNAs. Generally, mitochondria
require a larger amount of TRNA relative to mRNA or tRNAs. A regulatory role for the
transcription termination is known for the 13 bp sequence located within the gene for
tRNALeuUUR (Christianson and Clayton 1988; Kruse et al. 1989). Since the same
transcription units contain genes for tRNAs, rRNAs and mRNAgs, differential expression

of mammalian mtDNA must be largely controlled by post-transcriptional mechanisms.
Hominoid phylogeny

Our human beings, Homo sapiens sapiens, are taxonomically classified with the
apes (chimpanzees, gorillas, orangutans, and gibbons) in the order Primates-suborder
Anthropoidea-superfamily Hominoidea. The place of humans in the Hominoidea has
been highly controversial (Goodman et al. 1983; Foran et al. 1988; Djian and Green

1989; Gibbons 1990). Lack of fossils that allow us to directly trace the evolution of

Hominoidea and lack of objective interpretation of small pieces of fossils make it difficult




to discern the precise history of hominoids. The observations from the molecules,
however, consistently indicate that gibbons diverged first, followed by orangutans, and
much later the gorilla-chimpanzee-human divergence occurred {Goodman 1963; Kohne et
al. 1972; Sibley and Ahlquist 1984; Ferris et al. 1981). With molecular evidence and the
discovery of a facial fossil of Sivapithecus, Ramapithecus (a fossil record of which
showed that it Iived at least 13-16 million years ago) dislodged from the position as the
putative first hominid to the hominoid ancestral to all living great apes and humans
(Andrew and Cronin 1982; Andrews 1986). It has become widely accepted that human
and the African apes share a Pliocene ancestor, much more recent than previously thought

(Pilbeam 1984; Mellars and Stringer 1989; Stringer 1990).

The determination of branching order of human, chimpanzee and gorilla
(trichotomy) 1s a target of hominoid phylogeny. Several portions of mitochondrial and
nuclear DNA of hominoids have been sequenced (e.g. Brown et al. 1982; Hixson and
Brown 1986; Koop et al. 1986; Miyamoto et al. 1987; Maeda et al. 1988; Ueda et al.
1989), and analyzed by different statistical methods (e.g. Nei et al. 1985; Hasegawa et
al. 1985; 1987; Saitou and Nei 1986). However, the branching order and the divergence
times among the three species remained in dispute (Holmgquist et al. 1988; Hasegawa
1990; Saitou 1991). This controversy reflects the stochastic nature of the molecular clock
and the fact that human, chimpanzee and gorilla might have diverged within a short period
of evolutionary time (Saitou and Nei 1986). Mitochondrial DNA which is known to
evolve much more rapidly than nuclear DNA (Brown et al. 1982) is useful to this end. In
fact, a recent analysis of six hominoid miIDNAs of ca. 5 kb length appears to have
resolved the trichotomy (as chimpanzees being closer to human than gorilla) and to have

given fairly accurate dating of their divergences (Horai et al. 1992).

Evolutionary studies on mtDNA

There are several other advantages that make the mtDNA to be an intriguing

genetic material to study molecular evolution: According to the endosymbiont hypothesis




(Margulis 1981), mitochondnia originated from aerobic bacteria that were endocytosed in
primitive eucaryotic cells about three billion years ago and now have become virtually
indispensable for most eukaryotic cells. Most, if not all, of the genes now found in the
mtDNA are thus considered to represent genetic information retained from the original
endosymbiont. It is believed that there was massive transfer to the host nucleus and loss
of genetic information from the symbiont genome in the course of evolution. The
coordinated contribution of two genetic systems — nucleus and mitochondria — suggests
that the two genetic systems have started to coevolve since somewhere in the past.

Interaction of mitochondria and nucleus is also an interesting evolutionary problem.

Some dramatic reorganization of mitochondrial genomes must have occurred in
different organisms (reviewed in Brown 1985; Moritz et al 1987; Gray 1989). In animal
mtDNA, the genome size varies from 14.3 kb 1n Ascaris suum (Wolstenholm et al. 1987)
to 39.3 kb in Plactopecten magellanicus (sea scallop) (Snyder et al. 1987). The small size
of Ascaris mtDNA reflects the absence of ATPase 8 found in the vertebrate mtDNA,
while the large size of mtDNAs found in lizards, fish and nematodes is due to localized
sequence amplification, resulting in direct tandem duplications (0.8-8.0 kb) of both
coding and noncoding portions of the genome (Moritz and Brown 1987; Bentzen et al.
1988; Hyman et al. 1988). Different arrangements in gene order or exchange in the
coding strands have been found in each animal phylum studied to date (Clary and
Wolstenholm 1985; Cantatore et al. 1987; Wolstenbolm et al. 1987; Yang and Zhou
1988:; Jacobs et al. 1989; Smith et al. 1989, 1990; Pidibo et al. 1991). Different
replication, transcription and translation machinery (Desjardins and Morais 1990),
variability in GC content and codon usage (Jukes and Osawa 1990) have also been noted.
However, the mechanisms that yield such varations in contemporary mitochondrial

genome are not known.

There is growing evidence that mtDNA is strongly related to neuromuscular

diseases and many other phenomena such as ageing. In order to verify which mutation is
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critical, we need to pursue comparative studies on the molecule and gain a deeper

understanding of the evolutionary aspects of mtDNA.

From a technical point of view, the mode of maternal inheritance and the uniclonal
nature eliminate the genetic complexities that accompany biparental transmission
(Hutchison et al. 1974; Potter et al. 1975; Giles et al. 1980), although a low level of
paternal leakage of mtDNA has been reported in mouse and Drosophila (Kondo et al.
1990; Gyllensten et al. 1991; Kondo et al. 1992). In animal mtDNAs, the size is
generally small, about 16-20 kb (25,000 times smaller than the smallest nuclear genome),
and sequence rearrangements are very rare due to lack of introns and very few spacer
sequences between genes. The rate of evolution is approximately 20 times higher than
that of nuclear DNA in mammals (Satta et al. 1991). These characteristics have promoted
studies of mtDNA, and it has now become one of the best studied systems concerning

replication, transcription and evolution.
Questions to be addressed

Mitochondrial genome constitutes from functionally different regions or genes,
implying that evolution of miDNA genome as a whole is a compound product of various
evolutionary processes. Accordingly, each of them must be considered separately. The
goal of my thesis is to characterize the molecular clock of hominoid mtDNA, particularly
abm_n the synonymous substitution rate, in a statistically adequate manner. The main
problem will be multiple hit substitutions in mtDNA caused by compound effect of high

mutation rate, transition and base composition biases, and strong functional constraints.

How I pursued the goal is the subject of the remaining portions of the thesis.




11

CHAPTER TWO

MATERIALS AND METHODS

Abbreviations

A list of abbreviations used in this chapter is in Table 2.1.

Table 2.1
APS

BIS

BPB

BRL

DIT
dNTPs
EDTA
EtOH

IPTG
PCR
PEG
SDS
TAE

< H

TEMED
uv

Xgal

Abbreviations used in this chapter
ammoinm persulfate

N, Nl-methylene-bis-acrylamide
bromopheno! blue

Bethesda Research Laboratories

dithiothreitol

deoxynucleotide triphosphates
ethylenediamine tetraacetic acid, disodium salt

ethanol

Isoplopylthio-B-D-galactoside

polymerase chain reaction

polyethylene glycol

sodium dodecy! sulfate

40 mM Tris-acetate, 1 mM EDTA

8% mM Tris-borate, 89 mM boric acid, 2 mM EDTA
10 mM Tris-Cl (pH 8.0), 1 mM EDTA (pH 8.0)

Tyrpton-Yeast medium: 1 liter of the medium contain 8 g of
bacto-trypton, 5 g of bacto-yeast extract, and 2.5 g of NaCl.

N, N, N1, N}, -tetramethylethylenediamine

ultraviolet

5-Bromo-4-chloro-3-indolyl-f-D-galactoside




Sample sources

Some sequence data were obtained from the published studies: The whole human
(Homo s. sapiens) mtDNA sequences (Anderson et al. 1981); the 4.9 kb region (hatched
bar in Figure 2.1) in common chimpanzee (Pan troglodytes), pygmy chimpanzee (Pan
paniscus), gonlla (Gorilla gorilla), orangutan (Pongo pygmaeus) and siamang (Hylobates
syndactylus) (Horai et al. 1992); 128 rRNA (dashed bar in Figure 2.1} in common
chimpanzee and gorilla (Hixson and Brown 1986); and the D-loop noncoding region
{open bar in Figure 2.1) in common chimpanzee, pygmy chimpanzee and gorilla (Foran
et al. 1988). Other portions of mtDNA for common chimpanzee, gorilla and orangutan
were newly determined (shown as solid bar in Figure 2.1) from the same individual
samples used in Horai et al. (1992). Genomic DNA of gorilla was provided by Dr.
Shintarou Ueda in Tokyo University, Japan. EB virus transformed B cell lines for
common chimpanzee (named "Gon") and orangutan (Bornean orangutan named "PopE3";
Ishida and Yamamoto 1987) were provided by Dr. Takafumi Ishida in Tokyo University,

Japan.
Reagents

Analytical grade reagents were used to prepare buffers and reagents. TEMED,
acrylamide, agarose, and SDS were from Bio-Rad laboratories. Ammonium persulfate
was from Sigma. Enzyme grade DTT, Ultrapure dNTPs, and T4 polynucleotide kinase
were from Takara Biomedicals. A exonuclease was from GIBCO BRL. Taq polymerase
was from Perkins Elmer-Cetus. Sequenase 7-deaza DNA sequence kit was from United
States Biochemical. o-32P-dCTP (400 ci/mmol, or 1 : 5 diluted 3000 ci/mmol) was from
Amersham. Oligonucleotide primers were synthesized using DNA synthesizer B

(Applied Biosystems) or were orderly made by Tanehashi Co., and are listed in Table

2.2,




Extraction and Cloning of mtDNA

Mitochondrial DNAs were purified from cultured cells of a common chimpanzee
(Pan troglodytes) and an Bornean orangutan (Pongo pygmaeus). As shown in Figure
2.1, mtDNA clones covering the regions Ci (common chimpanzee), and O7 and O3
(orangutan) were obtained. Other parts of mtDNA were amplified by means of the PCR
using mtDNA as templates (Saiki et al. 1988). Relevant segments of mtDNA were also
amplified from the total DNAs of gorilla (Gorilla gorilla). PCR amplified fragments
recovered from the gels were either subcloned in the Smal cleaved vector M13mplQ after
Haelll and/or Alul digestion, or subjected to subsequent PCR cycles to prepare single-

stranded template DNAs for sequencing.
Amplification of mtDNA segments

One ul of the total DNA or mtDNA (ca. 50 pg) was subjected to 30 cycles of
amplification in a 50 {1 reaction volume with 2 units of Tag polymerase. The procedure
for setting up a PCR was as follows. 1. Addition of 1 pl of template DNA to 0.5 ml
microcentifuge tubes. 2. Addition of 49 ul reaction cocktail consisting of : 5 ul 10 x
PCR buffer (described in RECIPES section), 8 ptl of dNTP mix (see RECIPES), 5 ul
each of two 2 uM primers, 0.2 il of Taq polymerase, and 25.8 pl sterile double-distilled
water. 3. Addition of 2 droplets of light mineral oil to hinder evaporation. Each
amplification cycle consisted of denaturation at 94 °C for 10 to 15 sec, annealing at 45 °C
for 10 to 15 sec, and extension at 72 °C for 15 sec to 2 min, depending on the size of
DNA fragment to amplify. After completion of the PCR, 5 pul of the product was mixed
with 2 1l of bromophenol blue loading buffer, and electrophoresed through a 1 to 1.5%
agarose gel in (1.5 x TAE buffer containing 0.1 pg/ml ethidium bromide. Electrophoresis
was done in a minigel apparatus (Mupid) at 100 V for 25 min. For size standard marker,
Marker II (A / Hind IIl + Eco RI double digest) or Marker IV ($X174 / Hae 111 digest)

(Wako) was used. The gel was photographed on a UV transilluminator. The rest of the

sample was stored at 4 °C.
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Figure 2.1 Map of mtDNA and location of sequenced clones

The 16,569 bp circular genome has been drawn as a line starting at the heavy strand
origin of replication (Oy). The arrow of the L strand (L) and H strand (H) points to the
direction of 3" end. The location and the sense strand for each rRNA, tRNA and protein
genes are indicated by the names just above or below the strand. Twenty-two tRNA
genes are tepresented by a single letter. There are two tRNAs for leucine (Lu and Lc) and
serine (Su and Sa). The numbering follows that of human mtDNA (Anderson et al.
1981). The location of mtDNA clones for common chimpanzee (C1) and orangutan (O,
O2) are shown by arrow bars below the map. The size and location of the published
sequence data are shown by hatched (bp 4,121 to bp 9,020 from Horai et al. 1992),
dashed (Hixson and Brown 1986; Brown et al. 1982), and open (Foran et al. 1988) bars.
The size and location of nucleotide sequences newly determined in the present study are

shown by solid bar. Other abbreviations: Op —the light strand origin of replication;

restriction enzyme recognition site—=R (EcoRI), H (HindII), and P (PstI).
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Table 2.2 Oligonucleotide primers used for PCR and sequencing

1D Positicns™* Sequence

P 2 13211 5'"-CCCTTACACAAAATGACATC-3"
P 4 15211R 5'-GAACTAGGTCTGTCCCAATG-3"
P 10 11011 5'-ATCCAGTGAACCACTATCAC-3"
P 14 16403R 5'-ATTGATTTCACGGAGGATGG-3"
P 17 12315R 5'-CTTTTATTTGGAGTTGCACC-3"
P 19 12315 5'-GGTGCAACTCCAAATAARAG-3"
P 21 1478R 5" -GCGGGTGACGGGCGGTGTGT-3"
P 25 8541 5"-GTTCGCTTCATTCATTGCCC-3"
P 27 14201R 5'-TTAGTAGTAGTTACTGGTTG-3"
P 29 9912ZR 5'-CAGTATCAGGCGGCGGCTTC-3"
P 32 16190R 5'-CTTGCTTGTAAGCATGGGG-3!
P 38 12375R 5'-CCTAGGGGGTTGTTTGATCC-3?
P 49 3241 5'-AGAGCCCGGTAATCGCATAA-S!
P 53 : 9209 5'"-GACCCACCAATCACATGCCT-3!
P 55 14553R 5'-TAGCGGTGTGGTCGGGTGTG-3 "
P 57 114092 5"-CGCCTCACACTCATTCTCAA-3"
P 58 859898 5'-GTACGCCTAACCGCTAACAT-3"
P 59 13051 5"'-GGCCCCACCCCAGTCTCAGC-3"
P 60 0912 5'-GAAGCCGCCGCCTGATACTG-3!
P 61 11798 5'-GGACTTCAAACTCTACTCCC-3'
P 62 14844 5'-TCGGCTCACTCCTTGGCGCC-3!
P 63 13910R 5'-GCTAGGGTAGAATCCGAGTA-3!
P 66 839 98R 5'-ATGTT (AG) GCGGTTAGGCGTAC~3"
P 70 8510 5'-TACCACTCCAGCCTAGCCCC-3!
P71 8913R 5'-CAGTATCAGGCGGCGGCTT-3!
P 72 10503R 5'-CCTAGAAGTGAGATGGTAAAR-3"
P 73 13213 5'~TCGGATTCTACCCTAGCATC -3
P 76 520 5'~CACACCGCTGCTARCCCCAT-3!
P 77 T07R 5'-GGGTGEACTCACTGGRACGG-3"
P 78 15459 5'~GAGGAGACAAGTCGTAACAT-3!
P 82 15806 5'-GCATCCGTACTATACTTCAC-3"
P 83 3130 5'-AGGACAARGAGABRATAAGGCC-3"
P 84 3404R 5'-CACGTTGGGGCCTTTGCGTA-3"
P 85 4512ZR 5'~GCTGTGATGAGTGTGCCTGC -3
E 89 44409R 5" ~AGTACGGGAAGGGTATAACC-3"
P 90 14691 5'-CAACCACGACCAATGATATG-3"
P 91 15919R 5'=GTTTTCATCTCCGGTTTACA-3!'
P 94 14674 5'~TATTCTCGCACGGACTACGA-3"
P 95 14821R 5'-TTCATCATGCGGAGATGTTG-3!
P 97 11018R 5'-TTTTTTCGTGATAGTGGTTC -3
P 98 8345R 5'-CATTTCACTGTAAAGAGCGTGTGAG-3!
P101 3225 5'-GGTTTGTTAAGATCGCAGAGGCCGG-3!

P108 661 95R 5'-ATATAGACTTCTGGATGACC-3"'




17

(Table 2.2 continued)
ID Positions* Sequence
P115 3Z272R 5'-TAAGAAGAGGAATTGAACCTCTGACCTTAA-3
P1l1l6 15806R S5'-GTGAAGTATAGTACGGATGC-3"
P117 13844 5'-ACCTCAACTACCTAACCAAC-3"
7118 13844R 5'"=-GTTGGTTAGGTAGTTGAGGT-3"
F128 12752PR 5'"-CTCTCAGCCGATGAAGAGTT-3"
F1l29 12070 5'-GTTCATACACCTATCCCCCA-3"
Pi31 13301R 5"-(GA)TG(CTYAG(GA) AATGCTAGETGTG-3"!
Pl132 11747 5'-GCARACTCAAACTACGAACG-3"
P133 15761 5'-GGAGGACAACCAGTAAGCTA-3'
P134 15B2R 5'-CTTCGTCCAAGTGCACTTTC-3"'
P135 687R 5'-GGATGCTTGCATGTGTAATC-3"
P136 4150R 5" -AGGTGTATGAGTTGGTCGTA-3T
P137 15801 S5'-AAGTAGCATCCGTACTATACTT-3!
P150 3454 5'-GCTGACGCCATAARACTCTT-3!
P151 3943R 5'-GGGCCTGLCGGCGTATTCGAT-3
P152 12906 5'-CCTACACTCCAACTCATGAG-3"
P153 13184 5'-TCACCACTCTGTTCGCAGCA-3"
P154 14432R S'-ATTGAGGAGTATCCTGAGGC~-3!
P155 15830R 5'-CTTGGTATAAGGATTAGGAT-3!
P156 14005R 5'-GGTAATAGCTTTTCTAGTCA-3"
P157 15071 5'-TACTCAGAAACCTGAAACAT-3"
P158 16100R 5'-TCATGGTGGCTGGCAGTAAT-3"
F15%9 13837 5'-GCCCTAGACCTCAACTACCT-3!
P160 13714R S'-AATCCTGCGAATAGGCTTCC-3!
rPlol 13417 5'-GGACTACTCAAAACCATACC-3"!
rle2 12158 5'-ACATCAGATTGTGAATCTGA-3!
Ple3 3733R 5'-ATGATGGCTAGGGTGACTTC-3"
Fl64 15209 5'-TACATTGGGACAGACCTAGT-3"
P168 16411R 5'-TGCGGGATATTGATTTCACG-3"
P16% 409 5'-GGCGGTATGCACTTTTAACA-3"
P170 587 5'"~-CARAGCAATACACTGAARAT -3
FP171 1311 5'-CCACGTAAAGACGTTAGGTC~3'
P172 1350R 5'-AATGTAGCCCATTTCTTGCC-3
P173 2163R S'"-CTTTTAGGCCTACTATGGGT-3"
P174 126 S'-ATCTGTCTTTGATTCCTGCC-3!
P175 414R 5'-GTGCCTGTTGAAAGTGCACA-3"
P178 1808 5'-AACCAGACGAGCTACCTAAG-3"
P179 126R 5'-GGCAGGAATCARAGACAGAT-3'
F180 15873N 5'-AACTTCACCATCAGCCCCCA-3!

*Numbering of the nucleotide positions refer to Anderson et al. (1981). The numbers
without "R" indicate the positions at 5’ end of the L-strand primer sequences. The
numbers with "R” indicate the positions at 3' end of the H-strand primer sequences.
Other alphabets P, S, N indicate that the sequence differs from that of human.




Cloning from the PCR product

PCR amplified fragments were recovered from the gels using GENECLEAN 11
Kit (BIO 101 Inc.) following the manufactures protocol, and then subjected to digestion
with restriction enzyme Haelll and/or Alul. After phenol and phenol/chloroform
extraction, the digested DNA was precipitated with EtOH and dissolved in sufficient
volume of TE for subcloning to the Smal cleaved vector, M13mp10 (0.1 pg/mb).
Ligation mixture was prepared in a total volume of 11 pl containing different amounts of
insert DNA, 2 pl of vector DNA (0.1 pg/ml of M13mp10), and 1 ul each of 10 x ligation
buffer, 10 mM ATP, 0.1 M DTT and T4 DNA ligase. Ligation reaction was done at 4 °C
for over night. Competent cells were prepared freshly for every transformation reaction:
20 ml of 2 x TY was inoculated by 1 ml out of 10 ml over-night culture of XL1Blue in 2
x TY. After shaking for 2 hrs at 37 °C, the culture was transferred to a 50 ml Nalgen
tube for 10 min centrifugation in 4N-rotor (TOMY) at 4 °C, 3000 rpm. The pellet was
dissolved in 20 m] of ice cold competent cell buffer (50 mM CaCls / Tris-HCl, pH 7.4)
and incubated on ice for 30 min followed by another 10 min centrifugation at 4 °C, 3000

rpm. The cells were finally resuspended in 2 ml of ice cold competent cell buffer.

For transformation, 0.2 ml aliquots of competent cell suspension were mixed with
appropriate amount of DNA ligate in a 15 m] 2059 Falcon tube and stored on ice for 40
min followed by 3 min heating at 42 "C. (.2 ml of indicator mix and 3 ml of H top agar
were mixed in each tube and poured on H plate. After 15 min at room temperature, the

plates were incubated at 37 °C for over night.

Isolation of single-stranded DNA from phage

Dispense 1.5 ml of 100-fold diluted over night culture of XL 1Blue to 2059 Falcon
tubes. Add a single white plaque to each tube and shake at 37 °C for 4.5 hrs. They were

then transferred to 1.5 ml centifuge tubes to microcentrifuge at 12000 rpm for 5 min.

Supernatants were transferred to new tubes for another cenmrifugation at 12000 rpm for 5




min. Supernatants were transferred to a new tube and mixed with 0.2 ml of 20% PEG /
2.5 M NaCl.  After incubation at room temperature for 20 min, followed by
centrifugation at 12000 rpm for 10 min, the supernatants were removed completely and
the peliets were dissolved in 100 ul TE. They were extracted once with 50 pl of phenol
by voliexing and centrifugation at 12000 rpm for 5 min. The DNA phase was transferred
to fresh tubes and DNAs were precipitated by mixing 10 ul of 3 M CH3COONa and 250
ul of EtOH, followed by incubation at -80 °C for 30 min, and centrifugation at 12000
rpm for 10 min. The DNA pellets were washed once with 75% EtOH, and dried up.
They were then dissolved in a final volume of 40 pl of TE of which, 3 pl was mixed with
2 pl of bromophenol blue loading buffer, and electrophoresed through a 1.0% agarose
gel in 0.5 x TAE buffer containing 0.1 pg/ml ethidium bromide. Electrophoresis was
done in a minigel apparatus (Mupid) at 100 V for 25 min. For size control DNA, single
stranded M13 mp10 was used. The gel was photographed on a UV transilluminator.

The rest of the samples were stored at 4 °C
Preparing single-stranded template for direct sequencing

Single stranded template DNA for sequencing was prepared from the PCR

product in the following two ways.
1. Asymmetrical PCR method

Double stranded template DNA was first amplified as noted above. Then 5 pl of
the PCR product was run on a 1.0 % agarose gel with a standard size marker. The aimed
DNA fragment is then cut out from the gel to small pieces. Pieces of gels containing the
DNA fragment were placed into Suprec™ - 01 (a microcentrifuge tube with filter; Takara
Biomedicals) and incubated at -80 °C for 10 min then at 37 °C for 5 min and then
microcentrifuged at 10000 rpm (5000 g). The eluted solution obtained was used as
template for the subsequent PCR reaction. The reaction condition of the asymmetrical

PCR was same as the double stranded PCR, and the reaction cocktail for the

asymmetrical PCR differed from that above only in the concentrations of the primers.
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The concentrations of the primers used for a 100 pl reaction are 5 yl of the 0.2 uM
solution of the limiting primer stock versus 50 Ll of the 2 UM solution of the primer in
excess. To the PCR cocktail containing 13.5 pul of sterile water, 10 pl of 10 x PCR
buffer, 16 ul of dNTPs, a set of primers, and 0.5 pl of Taq polymerase, 5 pl of the
template PCR product 1s added and covered with mineral oil for the PCR thermal cycling.
After completion of the PCR, 5 pl of the product was mixed with 2 ul of bromophenol
blue loading buffer, and electrophoresed through a 1.5% agarose gel in 0.5 x TAE buffer
containing 0.1 png/ml ethidium bromide. Electrophoresis was done in a minigel apparatus
(Mupid) at 100 V for 25 min. For size marker, 2 ul of standard double strand PCR
product was used. The gel was photographed on a UV transilluminator. The amplified
DNA fragments were purified from the remaining PCR product through filtration by
Centricon 30 microconcentrator (Amicon). PCR product and 2 ml of distilled and
sterilized water were transferred to the sample reservior, and centrifuged at 5000 rpm for
20 min. This was repeated for two times. Then the concentrated DNA sample was
collected to the retenate cup by a centrifugation at 2000 rpm for 5 min. The concentrated
DNA sample was transferred to a 1.5 ml centrifuge tube and mixed with 1/10 volume of 3
M NaCl and 2.5 times the volume of EtOH, and incubated at -80 °C for 10 min followed
by centrifugation at 12000 rpm for 20 min. The pellet was washed once with 75% EtOH
and dried and pelleted by centrifugal concentrator (CC-101, TOMY). DNA was then
resuspended in 11 ul of TE, of which 3.5 pl was used as templates, and 0.5 il of the

limiting primer (0.5 uM) was used as primers for each sequencing reaction.

2. hexonuclease digestion method

This method generates single-stranded template DNAs from PCR products by
progressive digestion of one DNA strand with A exonuclease. Bacteriophage A
exonuclease catalyzes the stepwise release of 5' mononucleotides from the 5' phosphate
termini or protruding 5' termini of double-stranded DNA (Little et al. 1967). The enzyme

will also work, albeit 100-fold less efficiently, on single-stranded DNA. Because

oligonucleotide primers lack the required phosphate residues at 5' terminus, the PCR




products obtained by these primers do not serve as substrates. Amplification with one
primer containing 5' phosphate terminus and the other without the 5' phosphate residue,
however, generates PCR product with only one 5' phosphate terminus. Following
digestion with A exonuclease will thus yield a single-stranded template DNA for

sequencing (Higuchi and Ochman 1989).

Phosphorylation of 5' termint of primers were done by T4 polynucleotide kinase:
A total of 60 ul reaction contatning 50 pl of 2 uM primer, 6 il of 10 x kination buffer, 2
ul of 10 mM ATP, and 5 units of T4 polynucleotide kinase was incubated at 37 °C for 1
hr followed by 70 °C for 30 min. PCR was carried out in 2 100 pl reaction as above but
using the phosphorylated primer (12 pl) and non-phosphorylated primer (10 pl of 2 uM).
The following program of thermal cycler was used: Incubation at 94 *C for 15 sec, 45 °C
for 15 sec, 72 °C for 30 to 90 sec, for a total of 30 cycles. The PCR product was
extracted with phenol and phenol/chloroform, and after EtOH precipitation, resuspended

in 100 pl of A exonuclease buffer containing 7 units of A exonuciease. Incubation was

done for 1 hour at 37 "C and 30 min at 70 "C. Primers and mononucleotides were

removed by precipitation with 60 ni of 20% PEG/ 2.5M NaCl. After 1 hr incubation on
ice followed by 30 min microcentrifugation at 12000 rpm, DNA pellet was washed twice
with 75 % EtOH and dried and pelleted by centrifugal concentrator (CC-101, TOMY).
DNA were then resuspended in 10 pl of sterilized water, of which 3.5 pul was used as
templates, and 0.5 pl (0.5 uM) of the sequencing primer (on the same strand as the

phospholylated primers) was used as primers for each sequencing reaction.
DNA sequencing

Sequencing reactions were performed by the dideoxynucleotide chain termination
method (Sanger et al. 1977) using 32P-dCTP and 7-deaza Sequenase version 2.0. Each
reaction was performed using half the volume of that in the manufacture's protocol. 1

have analyzed the rate of misincorporation in PCR, by subcloning the PCR products of

D-loop region of human mtDNA to plasmid vectors, and determining its sequences. The
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observed rate of misincorporation was one site for every 2500 bps. To avoid the errors
due 10 Tag polymerase, nucieotide sequences were determined either by multiple clones

or by direct sequencing of the PCR products.

Sequencing gel electrophoresis

Glass plates of dimensions 55 cm long by 22 cm wide were wiped with EtOH and
clipped together with spacers of 0.3 mm thickness. Each gradient gel used was 10 ml of
bottom gel and 40 ml of top gel. 65 ul and 20 pl of 25% APS, and 20 pl and 4.5 ul of
TEMED were added to the top and bottom gels, respectively. Immediately, the bottom
gel and then the top gel were poured down the side of the gel plates using 10 ml and 50
ml disposable syringes. Gels were allowed to polymerize for 30 min to 12 hrs.
Sequence reactions were loaded on to the gels and electrophoresed at 2200 V for 3 to 15
hrs. Gels were fixed with 10 % acetic acid / 10 % methanol for 15 min, dried, and

exposed to Xray film (AIF RX; FUIJI). Fragmental sequences were connected and

assembled by GENETYX (Software Development Co., Ltd., Japan).




RECIPES

2% Xgal: Make a stock solution by dissolving 10 mg of X-gal in 0.5 ml of 2%

dimethylformamide to make a 20 mg/ml solution. Store at -20°C.

20% SDS  Place 100 g of SDS in an autoclaved bottle containing magnetic stir bar.
Add 400 mi sterile distilled water. Stir over low heat. Adjust to pH 7.2 with a few drops
of HCI and bring the final volume to 500 ml.

25% APS: Add 2.5 g of ammonium persulfate to 9 ml of distilled water. Store in
dark at 4 °C.

40% acrylamide: Dissolve 38 g of acrylamide and 2 g of BIS and adjust to the total

volume of 100 m! with distilled water. Store in dark at 4 °C.

0.5M EDTA (pH 8.0): Mix 186.1 g of EDTA with 800 ml of distilled water.
While stirring, adjust pH to 8.0 with NaOH pellets. Adjust volume to 1 liter, then

autoclave.

1M CaCl,y: Dissolve 54 g of CaCly-6H20 in 200 ml of pure H2O (mili Q). Sterilize

the solution by passage through a 0.22-micron filter. Store aliquots at -20 °C.

IM DTT: Dissolve 3.09 g of DTTin 20 ml of 0.01 M Sodium acetate (pH 5.2).

Filtrate and store at -20 °C.

IM glycine-KOH: Take 50 ml of 2 M glycine and 16.8 ml of 2 M KOH, and

adjust to 100 ml with distilled water, autoclave and store at 4 °C.

IM MgCly: Dissolve 101.7 g of MgCls in distilled water and bring to a final

volume of 500 ml, then autoclave.
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IM Tris-HCI : Mix 121.1 g of Tris base in 800 m] of distilled water. Adjust pH by
adding concentrated HCI (To adjust to pH 7.4, 7.6 and 8.0, add 70 ml, 60 ml and 42 ml

of HCl, respectively). Adjust volume to 1 liter, then autoclave.

2 x TY: For 1 liter, combine 16 g of bacto-trypton, 10 g of bacto-yeast extract, 5 g
of NaCl. Adjust pH to 7.5 with 2 N NaOH and bring to the final volume with distilled

water. Autoclave.

2 M glycine: Dissolve 15.1 g of glycine in distilled water and bring to a final

volume of 100 ml, autoclave and store at 4 °C.

2 M KOH: Dissolve 11.3 g of KOH in distilled water and bring to a final volume of

100 ml, autoclave.

3 M CH3COONa: Dissolve 408.1 g of sodium acetate-3H20 in 800 ml of distilled
water. Adjust pH to 5.2 with glacial acetic acid or adjust pH to 7.0 with dilute acetic

acid. Adjust the volume to 1 liter with distilled water, and then autoclave,

5M NaCl: Dissolve 292.2 g of NaClin distilled water and bring to a final volume of

500 ml, autoclave.

10 % acetic acid / 10 % methanol:  Bring 200 ml of acetic acid and 200 ml of

methanol to a final volume of 2 liters with water.

10 x kination buffer:  For 1 ml, take 200 pul of 1M Tris-HCI (pH 8.0}, 100 pl of

IM MgCl,, 10 pl of 1M DTT and adjust to the final volume with disulled and sterilized

water.

10 x PCR buffer: For 10 ml. take 2.5 ml of 2 M KClI, 1 m] of 1M Tris-HCI
(pH 8.3), 150 ul of 1M MgClp, and 0.5 ml of 2% gelatin, and adjust to the final volume

with distilled and sterilized water.




67 UM glycine-KOH: Mix 66.7 ml of 1M glycine-KOH and 33.3 ml of distilled

water, autoclave and store at 4 °C,

100 mM IPTG: Dissolve 100 mg of IPTG in 4.2 m! of distilled water. Store at -20
°C.

BPB loading buffer: Adjust with distilled water to 50% giycerol and 0.25%
BPB.

competent cell buffer:  For 500 ml, take 25 ml of 1M CaCls and 5 ml of IM Tris-

HC1 and adjust to the final volume with distilled water, then autoclave.

dNTP mix: Take 125 ul each of dATP, dGTP, dCTP, dTTP (100 umoles;

Takara Biomedicals) and 9.5 ml of distilled water. Sterilize by filtration.

H plate: For 1 liter, combine 10 g of Bacto trypton, 8 g of NaCl, and 12 g of Bacto
agar. Adjust to the final volume with distilled water. Autoclave. Dispense into petri

dishes (20 ml/dish).

H top agar: For 250 ml, combine 2.5 g of Bacto trypton, 2.0 g of NaCl, and

2.0 g of Bacto agar. Adjust to the final volume with distilled water. Autoclave.

indicator mix: Prepare indicator cells by shaking 1/10 diluted overnight X1.1Blue
cultare in 2 x TY at 37 °C. For 15 plates, mix together 450 ul each of 100 mM IPTG and

2% Xgal, and 2.1 ml of indicator cell.

» exonuclease buffer:  Take 100 ul of 67 uM glycine-KOH and 2.5 Ul of 1M
MgCl; and adjust to the final volume of 1 ml with distilled and sterilized water. Store in

aliquots at -20 °C.

phenol / chioroform: Mix equal volume of phenol and chloroform. Equilibrate

the mixture with 0.1M Tris (pH 7.5). Store in dark at 4 °C.
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Sequence bottom gel:  For 1 gel, dissolve 4.8 g of urea in 1.5 ml of 40%
acrylamide stock, 2.5 ml of 10 x TBE buffer, 40% of sucrose and 0.2 mi of 1% BPB.

Sequence top gel: For 1 gel, dissolve 19.7 g of urea in 6 m! of 40%
acrylamide stock, 2 ml of 10 x TBE buffer, and distilled water to the final volume of

40 ml.

TAE buffer: For 10 x stock solution, dissolve 48.44 g of Tris base and 27.22 g
of CH3COONa-3H,0, 15 mi of CH3COOH, and 3.72 g of EDTA-Na and bring to a final
volume of 1 liter with distilled water. CH3COONa-3H20 and CH3COOH are
occasionally substituted by 16.41 g of CH3COONa.

TBE buffer: For 10 x stock solution, dissolve 108 g of Tris base, 55 g of Boric
acid and 40 ml of 0.5M EDTA (pH 8.0) in a final volume of 1 liter.

TE (pH 8.0): For 500 ml, take 5 m! of 1M Tris (pH 8.0) and 1 ml of 0.5M

EDTA (pH 8.0}, bring to the final volume with distlled water, and autoclave.

Tris-saturated phenol: Dissolve phenol by placing in 65 °C waterbath. Ina

sterile container, add 500 ml of phenol add 250 ml of sterile 0.1M Tris (pH 7.5). Shake

vigorously. Add 200 mg of 8-hydroxyquinoline and shake. Store in dark at 4 *C.




CHAPTER THREE

BASE COMPOSITIONS AND REPLICATION IN MITOCHONDRIAL
DNA

Base composition biases in animals

One of the most puzzling characteristics of the animal mitochondrial genome, is
the base compositions. Among the vertebrates there is a pronounced biasinthe G+ T
composition, where it is high in the H-strands but low in the L-strands. The base
composition biases are evident at all types of positions, within genes and in noncoding
regions. The most biased positions in animal mtDNAs are the third codon positions of
protein genes, which are the least constrained by the requirements of the coding function.
Among the invertebrate mtDNAs, the fruit fly has the most biased base compositions,
where 93% of the third codon positions of the second strand (L-strand in vertebrates) is
either A or T (Clary and Wolstenholm 1985). Roundworm mtDNA has similar A + T-
richness (Thomas and Wilson 1991). The third codon positions in sea urchins, on the
other hand, are rich in A + C content (Jacobs et al. 1988; Cantatore et al. 1989; Asakawa
et al. 1991). Among the vertebrates, the chicken has the strongest bias in base
compositions, where 84% of the third codon positions of the L-strand are either A or C.
The lowest A + C content is observed in frog mtDNA, the value being 66% (Roe et al.
1985). The base compositions of 4 hominoid mtDNAs also show the general feature of
the low G+T (hence high A+C) content in the L-strand mitDNA (Table 3.1). Although

there are various degrees of base composition biases in each strand, it 1s not known how

and why these strand biases are maintained in animal mtDNAs.
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Table 3.1 Base compositions in different regions of L-strand mtDNA

1st codon 2nd codon 3rd codon
Region {(bp) A T G C A T G C A T G C

ND1 954
human {Hy 1 30.5 19.8 20.1 29.6117.9 40.3 8.B 32.1|36.8 11.0 5.7 46.5
c.chimp (C) |31.8 19.8 19.2 28.3{18.2 38.3 9.8 327|368 16.0 54 41.8

gorilla (G) |31.5 20.1 19.2 29.3118.2 409 9.8 311|365 151 57 42.8
orangutan (O) | 30.5 19.2 17.8 32.4117.6 40.6 10.1 31.8|40.3 8.8 3.8 47.2
ND2 1041

H |39.2 18.6 13.5 27.7{17.9 41.2 8.5 31.4|36.6 161 5.8 415
C [40.3 19.3 12.4 28.0|17.6 41.8 9.8 30.8{139.2 166 2.9 424
G |38.0 18.4 14.4 291|17.9 409 9.5 31.7|37.5 18.2 3.7 40.6
O |36.9 18.4 16.1 28.5(18.7 406 8.9 31.7|38.6 124 3.5 455

col 1538
H 263 224 28.7 22.6[19.1 40.7 14.6 255(35.9 16.8 5.3 42.1

C |26.1 22,6 289 22.4|19.1 40.5 14.6 25.7(34.9 18.7 6.2 40.2
G |269 23.2 281 21.8/19.3 40.4 14.4 259|355 220 51 374
O 1267 23.6 27.9 21.8{18.9 40.0 14.8 26.3(34.1 181 5.8 41.8

COll 681
H |28.6 17.6 26.4 27.3/24.2 38.8 11.0 26.0133.0 18.9 7.0 41.0

C |27.8 17.2 27.3 278|23.8 38.2 115 25.6;37.0 225 3.5 37.0
G |28.2 185 26.9 26.4(24.7 39.2 11.0 25.1(34.8 181 6.2 41.0
O (127.8 18,5 26.4 27.3}24.2 39.2 11.0 25.6(35.2 13.7 6.2 449

ATPS8 159
H |47.2 13.2 3.8 35.8(30.2 340 3.8 32.1|45.3 13.2 5.7 358

C |415 151 7.5 35.8|30.2 340 3.8 32.1|49.1 13.2 3.8 34.0
G |43.4 15.0 7.5 34.0|/26.4 37.7 5.7 30.2(453 151 5.7 34.0
QO |37.7 13.2 7.5 415]245 321 3.8 39.6(/43.4 94 57 415

ATP6 630
H |38.6 12.9 16.7 31.9(16.1 452 8.1 30.5}136.2 18.1 5.7 40.0

C|36.2 129 18.1 32.8(16.2 452 8.6 30.0|37.6 21.0 5.2 36.2
G 367 13.8 18.1 31.4|16.2 43.3 8.6 319|371 176 6.7 38.6
O {376 13.3 15.7 33.3j15.2 45.2 9.0 30.5|34.8 17.6 57 41.9

coll 783
H|23.8 257 21.8 28.7|21.5 364 16.1 261|352 176 6.9 40.2

C |23.4 261 21.8 28.7|21.5 36.0 15.7 26.8(38.3 20.3 3.8 375
G |23.8 25,3 22.2 28.7121.5 375 153 25.7(37.2 176 5.0 402
O |23.4 249 23.4 284|211 364 16.1 26.4)136.8 13.0 6.1 44.1

ND3 345
H{27.8 27.0 19.1 26.1|18.3 487 8.7 243|426 148 4.3 38.3

27.8 25.2 19.1 27.8(18.3 47.0 8.7 26.1{42.6 12.2 3.5 41.7
30.4 22.6 17.4 29.6|12.1 47.8 8.7 24.3|41.7 13.9 6.1 38.3
27.0 21.7 19.1 32.2|20.0 443 7.8 27.8|/443 13.9 3.5 383

OO0




(Table 3.1 Continue)

1st codon 2nd codon 3 rd codon
A T G C A T G C A T G C
ND4L 288
Hi29.2 18.8 229 29.2}16.7 51.0 7.3 25.01375 18.7 6.3 39.56

C {30.2 19.8 219 28.1¢16.7 51.0 7.3 25.0/43.8 20.8 2.1 33.3
G (30.2 19.8 21.9 28.1[16.7 521 7.3 24.0|41.7 20.8 3.1 34.4
O |33.3 219 19.8 25.0(16.7 50.0 73 26.0|354 7.3 6.3 51.0

ND4 1371
H|34.4 19.9 149 30.9117.9 422 11.4 28.4(38.3 144 3.5 438

C 1346 21.2 14.2 30.0}117.7 418 11.6 28.9(36.3 153 5.5 429
G |34.1 20.6 15.1 30.2;18.2 42.2 10.7 28.9|37.9 182 4.4 416
O |35.0 18.2 14.7 32.2117.7 42.0 11.6 28.7[36.8 12.0 2.8 484

ND5S 1812
H 1351 185 176 27.8|20.7 39.2 10.8 29.3(354 152 3.6 457

C §35.1 20.2 17.4 27.3{20.9 39.6 10.8 28.8|35.3 17.7 3.3 43.7
G 33.8 20.2 17.9 28.2120.9 40.2 10.9 28.0(35.1 18.4 3.6 42.9
O |35.6 17.9 16.9 29.6120.0 39.2 10.6 30.1(33.9 126 4.0 485

*ND8§ 525
H 211 26.3 46.3 63|171 457 251 12.0720.0 411 33.7 51

C |22.9 25.7 451 6.3|17.1 440 257 13.1]21.1 423 33.1 3.4
G |[21.7 27.4 463 466|171 446 257 126|143 43.4 394 29
O |20.6 26.3 47.4 5.7|16.6 43.4 25.7 14.3|13.7 41.7 41.7 2.9

Cytb 1140
H |29.5 23.4 19.5 27.6(20.0 40.0 12.9 27.1|36.3 121 3.7 47.9

30.8 22.6 18.4 28.2|16.7 40.3 13.2 26.8|36.3 12.1 3.7 47.9
30.0 23.2 18.7 28.2|20.0 39.7 13.2 27.1|36.8 11.3 3.2 48.7
31.3 21.8 18.2 28.7|19.7 39.7 13.2 27.4|36.6 13.82 3.2 46.3

oo

* For ND8, base compositions of H-strand mtDNA was calculated.

Region {bpy A T G C D-loop (bp) A T G C
125 rRNA 948 33.9 21.6 19.3 26.1 M 1122 30.2 23.2 13.5 331
165 rRNA 1554 35.2 21.8 17.4 25.6 C 1113 30.0 22.2 13.7 341
tRNA (L) 949 355 278 153 214 P 1121 30.2 23.0 13.3 33.5
{RNA (H) 548 33.4 21.9 14.6 28.2 G 8918 29.6 22.3 16.1 31.9

O 917 27.6 23.4 158 33.2

Average of human, common chimpanzee, gorilla and orangutan was calculated for the tRNA and
rRNA genes.
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General features of base composition biases in hominoids

In protein coding regions, the base compositions for each codon positions are

different from gene to gene, but are similar among hominoids. Opposed to the first and

- second codon positions, whose base compositions rely on the amino acid content of the

respective gene, the third codon positions (where about 70% of the sites are
synonymous) are distinctly biased in the same direction for all genes. In the L-strand, the
A+C content of the third codon positions ranges from 74% in COIl to 86% in Cyt b. The
same bias applies even for ND6, which is encoded on the opposite strand. In NDG, the
G+T content at the third codon positions of the H-strand is 78%, and this corresponds to
the A+C content of the L-strand. Codon usages show that the codons perfectly pair the
anticodons are not always preferred (Table 3.2). Rather, codons ending by both A and C
are most often used in the four-codon degenerated families. In ND6, codons ending by
G or T that do not pair perfectly with the anticodons are mostly preferred (Table 3.2). It
seems that the base composition biases seriously affect the codon usages of ND6.
Hence, whether or not codons match the anticodons of tRNAs with Watson-Crick

pairings, is not the direct cause for the base compositional biases.

As noted above, tRNA genes are located on both of the mtDNA strands. One
could therefore examine, whether the coding strand of the tRNA genes possess a trend
for certain base composition biases. The tRNA coding regions are grouped into two in
terms of the sense strand; the 14 tRNA genes that use the H-strand as the template strand
are designated as tRNA(L), while the 8 tRNA genes that use the L-strand as the template
strand is designated as tRNA(H). Regardless of the coding strand, the L-strand is high in
A (ca. 34%) and low in G (ca. 15%) content for both tRNA(L) and (RNA(H), although
the relative contents of T and C differ. The base compositions of the two rRNA genes
also follow the general biases. For tRNA or IRNA, GC or AT contents in the stem parts

of t(RNA and rRNA genes will be 50% if all base pairs are by Watson-Crick pairings.

The deviation of AC contents from 50% indicates that actual compositional biases are
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Table 3.2 Codon usages in 13 protein genes

The abbreviations are: human (H), common chimpanzee (C), gorilla (G), orangutan (O).
The codons that pair with the anticodons of the tRNA by complete Watson-Crick pairings
are underlined. Trm: termination codon

ND1 Towal 318 codons
| U | C | A | G
| | | | !
——dmmee e —C- =G0+ =mmm=mH==C==(==0=4 ——=—=—H==C==G==0~4=—=-—-H-=C-—G=-0-+-—
UiPhe: 4 7 5 5 |Ser: 2 3 3 2 |Tyr: S 4 5 1 |Cys: e 0 0 0|06
|Phe: 12 9 10 12 |Ser: 8 7 8 10 (Zyr: 910 8 8 |gys: 0O 0 1 1 |C
|Ley: 5 5 5 3 !Ser: & B 810 iTrm: O 0 O O |Irp: % 9 B B |A
| Leu 1 0 2 0 !Ser 01 © 0 |ITrm: © G O 0O |Trp 0 0 1 1 1!G
e —————— e — D e B L e ————————— B e L] +—=
Clleu: 6 4 2 3 |Pro: 2 3 5 3 |His: 0 O O 0 jArg: © 0 1 0 |U
|Leu: 1% 18 21 1% (Pro: 17 16 13 13 |His: 2 3 3 4 iArg: zZ z 1 2 IC
|Ley: 27 29 27 38 |Pro: 2 3 3 6 |Gin: € 4 6 7 |lArg: 5 5 4 5 |A
| Leu 5 4 ¢ 3 |Pro 1 0 0 0 |Gln: c 2 0 0 |Arg: o 0 1 016G
B et pmm e Fmm e m e fmmm e —————————— P
A|lIle: 1010 9 7 |Thr: 1 8 4 3 |Asn: © 4 7 1 |Ser: 1 1 0 0 iU
|Ile: 13 14 15 1% |Thr: 20 16 19 17 |JAsn: 13 10 B 14 |Ser: 2 2 2 2 |C
iMet: 13 13 1% 9 (Thr: 14 11 10 12 |lLys: 6 7 7 € |Trm: 0 0 0 0 |A
|Mef: 3 3 4 4 |Thr: 0 2 0 2 |Lys: 1 0 0 1 |Trm: O 0 0 0 |G

Gival 11 1 1 lAla: 3 3 5 2z lAsp: 0O 0 © O |Gly: O 3 1 © |U
|[val: 5 5 4 2 {Ala: 14 13 13 15 |Asg: ¢4 3 3 3 (Gly: 8 5 7 9 |C
I¥al: 3 3 4 4 |Ala: 1010 B 6 |Qlu: 8B 8 9 10 igQly: 1 2 2 4 |A
lval: 1 O © O |Ala: ©O O 0 O 1Glu: 3 3 2 1 |Gly: 3 2 2 0 IG

e — e = ——— Fm—————— e ——— e e - o
ND2 Total 347 codons
I U \ C \ A I G
| | | | |
et =GOt ————m e He e (=G =0+ —mmm == === =G—=0—+—————-H-—C——-G--0—+--

U/Phe: & 6 4 2 |Ser: 4 3 4 5 |Tyr: 2 2 €& 3 |Cys: 0 0 0 ¢ 1U
7 7 9 12 1Ser: 11 13 14 10 |Tyr: 8 8 5 8 |Cys: 0 0 0 0 iC
|Ley: 8 7 4 5 |Ser: 7 9 6 8 {Trm: 0 © 0 0 (Irzp: 10 11 10 11 (A
1 1 0 0 0 0 0 |ITrp: 1 0 1 0O |G

C|Leu 7 8 7 & [Pro 5 3 4 3 |His 1 1 1 © |Arg 1 6 1 010
|Leu: 18 18 20 19 |Pro: 17 14 14 14 1His: 3 3 2 5 |Axrg 3 4 3 3 |c
|Leu: 26 27 32 26 |Prc 4 5 4 7 {Glp: 7710 9 8 |prg: © O 0O © |A
| Leu 4 4 3 B |Prc 2 0 0 0 |Gln:y 3 O 1 1 lArg g 0 0 0 IG

A{Ile: 8 11 11 13 i{Thr: 5 7 11 4 JAsn: 6 8 8 3 |Ser: 1 0 0 0 |D
|Ile: 24 24 20 24 |Thr: 24 23 1% 18 |Asn: 14 11 11 16 j3er: 4 o 35 4 iC
|Met: 23 24 17 15 |Thr: 11 12 14 18 |Lys: 10 11 10 12 {Trm: O O O O |A
|Met: 1 1 4 1 |Thr: 3 1 0 © |Lys: 2 1 2 0O {Trm: © O 0O 0O |G

e fommmm e e bmmmm e e ==

Glval 3 3 2 € iAla: 4 2 3 5 tAsp: 0 O O O |Gly: 1 ¢ 1 01U
|val Z2 1 2 5 |ARla: 7 6 9 10 ipasp: © O 1 3 |Gly: 7 9 7 7 |C
I¥al 3 3 6 6 |Ala: 8 7 7 8 |@Qlu: S5 & & 5 iglv: 5 4 5 5 |A
tval 0 0 1 0 |Ala: 1 2 0 0 |Glu: 1 0 ©O 1 [Gly: O O 0 1 |G




COl Total 513 codons
; u | o | A | o
i \ I \ \
—mtm—m—m === =Ge -0 4mmmmmm == Cm=Grm Ot mmmmr—H==C==G——=0—t —— == ——H—=C—=G==0r 4 ==
UiPhe: 12 11 14 12 t5er: 9 710 5 |Tyr: 4 B 11 6 [Cys: O 0O O 0 |U
|Phe: 29 30 28 30 Ser: 10 11 11 12 |Tyr: 18 14 11 15 |Cvyxs: 1 1 1 1 |¢C
lLey: 7 6 & 11 |Ser: 7 8 6 11 [Trm: 0 O O O |Irp: 16 14 14 13 |A
| Leu 0 2 0 2 lSer: 2 2 2 0 |Trm: O O 0 © |Trp 0 2 2 3G
s m e ———————— B e it Fomm— e —— B e it + -
Cileu: 5 7 9 2 |Pro; 5 8 5 5 |His: 4 4 5 4 JArg:r 2 2 1 1 IU
{Leu: 12 11 9 17 |IPreo: 18 14 16 14 |His: 14 13 14 15 |Arg: 2 2 2 4 |C
|Leu: 33 31 28 24 |Pro: 6 T B IGlpn: 5 & 6 6 |Arg: 4 3 & 3 A
|Leu: 4 5 5 |Pre 0 3 1Gln: 1 1 0 1 |Arg ¢ 1 0 001G
e ————— e — Fo e e +o—
AlIle: 12 19 17 21 IThr: 5 2 5 4 |Asn: 4 S5 7 B |Ser: © 1 2 00
| Ilg: 26 19 23 19 |Thr: 11 15 13 10 |Asn: 13 12 10 ¢ |S5er: 4 3 2 5 |C
|IMet.: 25 22 27 25 |Thr: 16 17 1B 1B |Lys: 9 10 9 10 ITrm: O & 0O 0O |A
| Met: 7 9 4 4 |Thr: 2 0 ¢ 4 ILys: 1 0 1 O [Trm: 0 ¢ 0 0 |G
——tmm e e ——————— e e o +—=
GlVal 4 4 3 2 |Ala: 11 10 11 11 |Asp: 2 2 7 5 |Gly T 5 6 T 40
jVal: 12 12 11 16 |Ala: 15 17 16 17 |Rksp: 13 12 8 9 |Gly: 17 20 17 22 |C
|¥al: 17 18 15 13 |&la: 13 12 12 13 glu: 7 9 8 7 [Gly: 19 16 19 13 |A
Ival: 3 2 4 2 |Ala: 1 2 1 0 1Glur 3 1 2 2 iGly: 3 5 4 4 |G
e —— e m e o ittt LT PP +—-
conn Total 228 codons
| | < | A | G
| | | i |
m—mmm———H-=C==G==0=4-==—==H-—C-=G-=0=twer=——H=—C==G==0-4—==——=H==C=-G-=0=+-~
U|Phe; 3 7 5 2 |Ser: 1 0 2 3 |Tyr: 1 1 3 4 (Cys: 1 1 1 1 1|0
fPhe: 7 4 6 9 |Ser: 4 4 3 2 {Tyr: 8 8 6 &5 |Cys: 2 2 2 2 |C
|Leuy: 4 3 5 2 |8%er: 4 5 4 5 |Trm: O O 1 1 [Zxp: 3 4 4 3 |A
ILeu: 1 0 1 3 |Ser o ¢ ¢ 0 |Trm: 1 1 © O tTrp: 1 O O 1 |G
—— et — e fmm e m e m e — m +—=
ClLeu: 1 5 3 2 1Pro 1 2 1 3 |His: 2 3 3 1 |Arg 2 2 1 0 |U
lLbeu: 6 6 7 8 |Pro: 9 8 8 5 (His: 4 3 3 5 JArg:r 1 1 1 3 |C
tLey: 12 16 12 16 |Pro: 3 5 3 7 1Gin;: 6 €& & © |Arg: 3 3 4 3 A
lee: 3 2 4 2 JPre: 2 0 0O O |Glm: 1 1 1 1 JArg: O O O O |G
R B B e e +—=
A{lle: 7 7 4 3 |Thr: 5 7 3 5 |Asn; 2 1 1 1 |Ser: 1 2 1 0 |U
|Ile: 15 14 19 20 |Thr: 8 5 6 6 |Asp: 5 5 7 6 jger: 0 0 0 1 |C
|Met: 8 9 7 € |Ihr: 8 & 9 7 jLys: 4 4 3 4 1Trm: 0O © O O I|A
|Met, : 2 1 3 3 |Thr 0 0 ¢ 1 |Lys: ¢ 0 1 0 |Trm c o ¢ 0 |G
e b e B B ettt +-=
Gival: 1 5 3 1 Ala 4 Z 3 3 |Asp: 3 4 3 1 |IGly 2 2 4 110
lval: 7 & €& B lAla: 5 71 B 7 |Asp: B 7 8 1 {Gly: 4 4 2 5 |C
I¥al: 5 3 4 4 |pla: & 4 3 3 i@iu: 810 9 9 |Gly: 3 4 4 5 iA
[Vals 0 1 © 0 |Ala: 11 1 1 {Giu: 3 1 2 2 |1Gly: 2 1 1 0 |G
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ATPase 8 Total 53 codons
r i) I C [ A f G t
| | | | |
N e o T e L o T LR B T o e Ll Ol Y T,
UlPhe: 0 1 1 1 {Ser: 0 O © © |Tyr: 1 © © 0 iCys: 0 0 1 0O |U
|[Phe: 1 ©0 1 1 iSer; © © © O |Tyr: 1 2 1 0 igys: 0 0 O 0O IC
|[Lew: 1 1 2 2 15er: 1 2 ©0 1 {Trm: O © € O I!Zxp: 1 2 1 1 |A
|Lev: 0 0O © 0 ISer: © O O O |Trm: © € O O I!Trp: 1 0 1 1 |G
—— e tom e e e -
ClLev: 1 0 0 2 |Pro 1 0 ¢ ¢ |His: © 1 0 O JArg: @G 0 © 0 U
[lLeu: 2 2 3 3 |Pro & 7T 5 4 |His: 1 © 1 3 jArg: 0 0O O O iC
|Les: 4 4 4 4 |Pro: 2 2 3 4 |Glo: 2 2 1 1 jprg: O 0 O O |A
/Leu: 0 1 0 0 {Pro: O O O O |Gln: O O 1 1 |Arg: O 0 © O IG
i Attt e e Fomr e e o
AlTIle: 1 1 2 O |Thr: 1 ©0 1 1 |Asp: 2 4 2 1 |Ser: 0 0 ¢ 0 |U
/Ile: 1 ©0 O 2 |Thr: 4 4 4 6 |psg: 3 1 2 1 |15ex: © 0 0O O |C
iMet: 5 5 4 0 |Thr 2 1 2 3 |Lys: 4 5 5 5 |Trm 0 0 0 0 A
/Met: 1 1 1 1 |Thr: © © © 0 |Lys:t 1 0 ©0 0 [Trm: © O 0O 0O IG
——rm— e O B ittt e e +——
Glval: 0 © 1 O |Ala: O O O O |Asp: O O 0 O |Gly: 0 0 O O U
fval: 0 1 © 1 |Ala: ¢ 1 1 1 |Asp: O O © © |Gly: O 0O 0O O (C
[y21: 1 1 1 0 |Ala: © ©0 © 1 |@Qlu: 1 1 1 1 igly: © 0O QO 0O A
(Val: 0 0 © O lAla; O ©O O O |Glu: 0O 0 O O |Gly: O 0O © O |G
s ————————— b e Fmm e — o +-=
ATPase 6 Total 210 codons
| U | C | A ] G |
| ! ! | !
m—fmemeeeHe=C=Gm=0—4——————H-= (= =G0+ ~—=—=—H=—C=—G=~0~+===~-—H-=C-—G-~0=-+—~
UlPhe: 4 4 3 4 |Ser: 4 3 1 0 |Tyr: 1 1 1 © |Cys: 0 O 0 0O |U
|Phe: 3 4 3 4 |S5er: 2 1 3 4 |Tyr: 2 2 2 3 |Lys: 0 0O O 0O |C
|Leu: 4 6 7 6 ISer: 3 3 4 3 [Trm: 0 ¢ © O {TIrp: 3 3 4 3 |A
fLleu: 1 0 1 1 |Ser: © 0 O ©O [Trm: ©O © ©O O |Trp: © O O 0O iG
——mm—m e R At Famm e —— e — Fo e + -
Cileu: 5 5 6 3 |Pro: 3 2 3 1 JHis; 0 1 1 2 |Arg: O 1 ©0 1 |U
|Leu 6 11 |Pre: 7 & 7 9 |His:t 6 6 5 4 |Arg: 2 1 2 2 |C
|Ley: 20 22 17 22 jPro: 3 2 3 2 1Gln: 7 8 6 5 |Arg: 2 2 2 2 |a
|Leu: & 3 |Pro: 0 1 O 1 iGln: © O 2 2 |Arg: O O & © |G
B e ittt e ————— o Bt e +——
AtIie: 12 12 & 14 |Thr: 4 8 7 4 |ARsn: 1 3 2 2 Ser: 0 0 0 1 |U
jIle: 15 12 14 11 IThr: 12 & 10 14 |Asn: B S5 7 6 |8ex: 3 4 3 4 |C
IMet: 8 8 10 7 |Thr 8 & 7 |Lys: 5 4 3 4 1Trm: O 0 O O |A
IMeg: 3 2 2 2 IThr: © O ©O 2 ftLys: 1 1 2 2 |Trm: O O O O IG

Glval 2 2 1 1 I|Ala 2 2 3 3 |Asp C 0 0 0 IGly: O O 1 1 {U
ival: 1 3 3 3 |Ala: i1 10 12 10 |Asp: 1 1 0 1 |Giy: 4 4 3 2 |C
I¥al: 4 4 3 3 |pla: 3 & 5 4 |Glu: 2 1 2 2 iQly: 3 2 3 3 |A
[val: 1 1 1 © |Ala 1 ¢ 0 0 |Glu 0 1 1 0 1Gly: ¢ 1 0 0 |G
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COIII Total 261 codons
| | | A ] G |
| | | I ;
metmmmem === Gm =0 === === H==C==G =0+ === ———H-—C==G—=0—# === —H—=C-—G— =0~ +~~
U|Phe: 13 11 9 6 |(Ser; 2 3 2 3 |Tyr: 4 5 4 2 |Cys; O 0O 1 0 }0
|Bhe: 10 11 13 15 |Ser: 7 6 5 4 [Iyr: 7 T 7 9 igwys: 1 1 0 2 IC
lLey: 3 3 4 4 |S8gr: 8 7 % 8 |Trm: 0 O C O |Irp 9 11 10 10 (A
| Leu c 1 O 0 lI5r: 0O 1 0 0 |Trm: O 0O © O |Trp 31 2 2 |6
e —————— e ———————— o e e +—=
Clleu: 3 3 3 2 |Pro: 2 2 2 2 |His: 5 3 3 2 iArg 0 0 2 11U
|Leu: © 10 B8 10 |Pre: 6 6 6 7 |His: 12 13 14 15 JArg: 2 2 1 O IC
iLeu: 16 16 19 15 {Pro: 3 5 4 3 IGln: % 9 ¢ 9 |Arg: 4 3 2 3 1A
|lLeu: 3 2 2 5 {Pre: 1 0O O O IGln: ©O 1 O Q |Arg: O © O O |G
e Fmmmmm e e ———————————— +=-—
AlIle: 7 11 7 6 |Thr 2 4 3 2 JAsn: 1 2 2 1 |Ser: 1 O 0 O |U
11le: 7 3 8 8 |Thr: 10 8 9 8 |Asp: 5 4 4 4 |[Ser: 3 3 4 5 |IC
|Met : B 9 9 8 |Thr: 11 12 9 13 |Lys: 3 3 3 3 [Trm; g ¢ ¢ 0 |A
|Met: 3 1 i 2 |Thr 1 1 1 1 |lys: 0 0 0 0 iTrm o 0 0 0 |G
et ummmmmm e —————— e L T L e B e b
Glvai: 2 2 1 0 tAla: 1 1 2 4 |Asp: 2 3 3 2 |Gly 1 3 2 11U
|Vvai: 4 5 6 & |Ala: 11 11 11 10 JAsg: 1 ©0 O 1 |Gly: 10 B8 9 9 |C
|¥al: 6 6 6 4 |ala: 3 3 4 4 tglu: 5 6 6 5 [Gly: 4 T3 7 IA
|Val: 1 0 0 2 |Ala: 0 0 0 0 |Glu 2 0 1 2 |Gly: 4 2 4 2 IC
B e T o ——————— pommmmm e m e . +-=
ND3 Total 115 codons
| 0 | o | A ! G
| i | ! !
——tememm e e C==G==0=#===——=H-—C==G==0=+=====—H-—C-=G==0=+=-m===H--C-=G-=0—+--
UiPhe: 2 2 3 1 |Ser: 0 1 0 O iTyr: 1 0 © O |ICys O 1 1 1 1{D
|[Phe: 6 6 5 7 |Ser: 4 3 3 3 [Iyr: 2 3 3 4 |Lys 1 0 0O 0 |C
iLey: 10 7 5 3 |Ser: 1 1 1 1 |Trm 0O 0 0O 0 IIrp 4 4 3 4 |A
| Leu ¢ 1 1 0 |Ser 0 0 0 1 |Trm ¢ 0 0 0 ITrp C O 1 0O IG
B b fmmem—,—— e e tmm e ————— -
Ctleu 1 1 2 3 {Pro 3 3 1 2 |His: ¢ ¢ 0 0 iparg O O O O |0
Lee: 4 4 2 2 |Pro: 2 3 4 4 |His: © C O O |Ar 11 1 1 |IC
jLeu: 13 14 15 i6 [Pro: 3 2 2 3 |1&lp: 3 3 3 53 |Azg © C O O |A
jLeu: 2 * 3 3 |Prec: 0 0 1 € |Gln: O © O O |Arg 0 O O O |G
I et e — o m e o e +==
BlIle: 5 ¢ 5 6 |Thr: 1 1 2 1 |Asn; 0 1 C O 1Ser 1 0 1 @ |0
| ile: 4 3 4 3 |Thr: 4 5 5 5 |psn: 4 3 5 4 |§exr 0 2 1 0 |C
|Met: 7 7 6 5 |fhr: 2 2 2 4 |lys: 3 3 3 2 |Trm O 0 O 0O |A
|Met : 1 0 1 0 |Thr: O 1 ¢ ¢ ILys: 0 0 O ¢ |Trm ©O O 0 O IG
B et o m e e +-=
Glval: 1 0 O 0 |Ala 1 0 0 1 |Asp: 1 0 ¢ 1 |Gly © O 1 ¢ IO
[Val: 1 3 1 I JAla: T8 7 6 lAsp: 2 3 3 3 |Gly 2 1 O 1 1C
tVal: i 1 2 1 JAla: 0 0 0 1 i1Glu: 3 05 5 &ojgly 1 0 1 2z |A
|val: s 0 0 0 |Ala: 0 ¢ ¢ 0 iGlur 2 0 0 O IGly O 1 0O 0 |G




ND4L Total 96 codons
\ | I A ! G |
I I I { |
e m e He— QoGO pmmm e m— = Cm == = O m == === A== C == G == 0=+ ===~ —=H-=C~=G——0— 4 — -
UlPhe: 2 2 2 0 (Ser: 0 2 1 1 ITyr: 2 3 2 1 ICys: O O 1 O |UO
jPhe: 1 1 2 3 |Ser: 4 2 2 3 iIyr: 2 1 2 3 |CLys: 2 2 1 2 |C
1 Ley: 1 2 2 3 l3ern: 3 4 4 4 {Trm: © 0 0 O |Irp: O O O O |A
leu: 0 0 0 1 ser 1 0 0 0 1Trm: O 0 O O |Trp 0 0 0 0 IG
—— e m o e - —————— o —— +-=
Cileu; 1 2 3 2 |jPro: 1 O O O JHis: 1 1 O O |Arg: O O 1 O |U
fLev: 6 ¢ 4 5 |Pro: 1 2 2 2 iHis: 2 2 2 2 |Arg: 1 1 0 1 |[C
fLen: 14 14 13 11 fPre: O O © O {gln: © O 1 O |Arg: © O O O |A
fLev: 1 1 1 It (Pro:x © O O O {Gia: O 0 O O |Arg: © ©¢ 0 0 IG
mmpmm e ——————— e et tommm e — B et +——
AlIle: 5 3 4 1 |Thr 11 1 O lasn; 2 3 1 1 |(Ser: £ 0 0O O |U
|Ije: 2 4 3 & |Thr: 3 4 4 5 |Asp: 4 3 5 6 |g8gxr: 0 0 0 ¢ |C
|Met: 9 % 9 8 |Thr: 1 1 1 2 |Lys: O € O O ITrm: O O O O {A
Met: 1 1 1 3 |Thr: O 0 G O |Lys: © 0 0 O |Trm 0 0 ¢ 0 G
——tm— e — —— o o —— o e +—=
Glval: 0 1 ¢ 0 |&la: 1 1 3 1 |Asp: O 0 0 © [Gly: c 1 1 0 ]|U
|[Vval: 2 1 2 3 |Ala: 5 3 2 4 jasp: 1 1 1 1 [Gly: 2 1 1 3 |IC
I¥al: 2 4 3 1 |ala: 2 4 3 3 |€luw: 2 2 2 1 |Gly: 2 2 2 1 |A
[val: 2 ©0 1 0 |jAla: 1 © ©O O IGlu: O © O 1 JGly: © O O 0 |G
B e ket e ——————— - B et +—=
ND4 Total 457 codons
| | I A | G
! ! ! | |
——t—~~——-H--C--G--0-+~--=-=-=-H--C--G--0-4-=-——~H--C--G--0-+-—--—---H-~C~-G--0-+-~
UlPhe: 9 € 8 4 |Ser: 5 1 4 6 |Tyr: 2 6 5 2 |Cys: 1 1 0O 0O |0
|[Phe: 11 15 11 11 |Ser: 17 19 18 18 |Iyr: 11 7 8 12 |Cys: 2 2 1 2 IC
|Ley: B 13 15 7 |Ser: 10 11 9 9 |Trm 0 0 0 0 ITrp: 12 12 12 12 iA
| Leu 1 1 0 0 Iser 102 2 0 ITrm o 0 0 O |Trp 11 1 ©¢16G
——m— B ettt e E TP P P e e —d e a e e ———— B
Clleu: 10 8 15 12 |(Pro: 3 5 4 2 [His: 1 2 2 2 iArg: o 1 1 1 11U
{Leu: 31 33 27 32 |Pro:; 14 14 14 19 |Hls:; 12 10 12 13 |Arg: 5 5 3 4 |C
|Leu: 41 34 36 40 |Pro: 6 4 3 9Gle: 9 9 9 9 [Arg: 4 4 4 5 |A
|Lbeu: 4 6 3 5 |Pro 0 1 1 0 IGls: 1 1 1 O |Arg: O O 1 0O IG
e e Fomm e —————————— e — B e e
AlTlle: 16 1515 & |Thr: B & 3 6 |Asn: 2 6 3 1 iSer: 2 1 1 2 |0
tIle: 23 24 24 30 |Thr: 27 1% 21 23 |Asn: 21 17 20 19 |5ex: 8 ¢ 8 10 |C
{Met: 24 20 25 27 {flhrx: 22 21 2. 19 JLlys: 10 10 10 9 |Trm: O O O O [|A
Met: 2 6 3 4 |Thr: 1 1 1 © jlys: 1 1 1 1 |Trm: O O O O |G
e e m e e — - e e e -
GlVal 0 g 4 2 |Ala 6 5 4 3 |Asp: 0 1 2 0 |Gly: 1 4 3 3 |C
|Val 4 2 0 2 |Ala: 12 12 15 13 |Rksp: 3 2 1 4 |Gly: 9 & 7 9 IC
i 8 T & 6 |Ala: 8 8 & 10 |Gly: 3 8 7 8 |gly: 4 5 5 4 1A
tVal 1 1 1 tAla:s 0 1 1 0 I1Gglu: 0O 1 2 1 iGly: i z 2 1 |G
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NDs5 Total 604 codons

1 U | C 1 A | G |

| | | [ |
——4=—————=H-—C--G——0-+-——-—-H--C—=GusDote—ewnaaeCurG=Qutu e HueumuG— =+ ——
UiPhe: 5 10 18 6 (Ser: 2 5 6 5 {Tyr: 6 7 3 3 |Cys: 1 0 0 2 |U

|Phe: 33 27 22 27 !Ser: 20 17 15 15 |Iyr: 10 12 149 12 |Qys: 5 5 5 4 |C

iLeu: 7111 % 5 |Ser:- 13 13 15 16 jTrm: 1 1 1 1 |Irp: 11 11 11 11 |&

filbeu: 2 0 1 0O [Ser: 1 2 1 0 {Trm: O ©0 © QO |Trp: 1 1 1 1 |G

ClLleu: 11 13 14 i7 Pro: 7 7 9 3 fHis: 1 1 4 4 |Arg: 1 1 1 2 |U
ILeu: 31 32 31 39 (Pro: 16 1B 14 20 {His: 13 10 11 9 |Arg; 3 4 5 2 |C
I1Leu: 4% 45 43 42 (Pro: 9 6 7 1) |Glp: 17 19 18 18 {Arg: 3 3 3 3 |A
lieu: 8 5 8 7 |Pre: 0 0 0 1 {Gin: 3 1 2 1 |Arg: 0O O 0 O |G

AlIle: 18 23 17 15 !Thr: 13 12 11 9 |Asn: 6 8 7 1 [|Ser: 3 1 2 2 |U
|Ile: 36 32 39 41 [Thr: 29 30 22 3B |Asp: 27 24 25 31 |8exr: 10 11 10 12 |C
IMet: 23 25 24 21 |Ihx: 22 22 23 16 (Lys: 20 20 21 20 |[Trm: O O O O |A
IMeg: 3 2 2 5 |Thr: 1 1 1 2 jLys: 1 1 0 2 |Trm: © O 0 0 |G

——t e — e mm—e e e o e -
Glval 6 4 C 0 |Ala 5 7 10 5 |Asp 3 3 2 0 |Gly: 4 5 7 2 10
|Val 4 4 8 4 |Ala: 19 17 18 26 |Azsgk 810 8 9 |Giy: 12 11 11 10 |C
1¥al 5 3 5 g |agla: 20 17 16 15 |Glu 8 6 B 7 I1gly: 10 11 8 11 (A
[val 0 3 2 0 |Ala: 0 0 1 0 |Glu: 1 1 3 I1Gly: 1 1 2 2 |G
e tom . Fm e —————————— e — e +—=
ND6 Total 175 codons
| U | C ! A | G |
; | | | |
——#—=—~—=H~-C~~G-—0—t——————H-=Co=GmmQ~+====—=H=={==G==0=4======H==C==Gm =0t -~

UiPhe: 8 7 7 7 j(Ser: 3 3 3 2 |Tyr: 11 11 11 10 |Cys: 1 1 2 3 1|0

{Phe: 2 ¢ € 0 {Ser: O @ 1 1 jIyr: O 1 0 O Igys: O 0 0O 0O |C
|Lew: 811 12 8 J8r: 2 1 1 1 ITrm: Q@ © O O |Irp: 3 1 2 2 (A
fleu: €& 5 6 B |Ser: © 0 © 1 |Trm: © © 0 0O |Trp 2 4 3 3 |G
- e e o wm i ——————— e -
ClLeu: 0 0 0O O |Pro 4 3 4 3 |His: 0 © 0 0O lArg i1 1 1 |u
iLey: © © © O |Pre: © 1 © 1 |His: © © © O |Arg: O 0 0O 0O IC
1Lew: 0 0 O 0 {Pre: 1 1 O 0O I&ln: C 0 0 0 |Axg: o 0 0 0O IA
| Leu: 3 3 i 3 {Pre: O O 0O 0O |Gln: © O O O |Arg: 2 2 2 2 1G
s ————— e — e t e e mm Bt ittt o
A|lle: 12 11 12 11 |Thr: 2 2 2 2 {Asn: 3 ¢ 4 4 |Ser: 3 5 4 3 |U
|ile: O 1 Q0 O |Thr: ©0 0 ¢ O {AsnD: 1 ¢ 1 0 |ger: 2 1 0 2 |C
tMet: 2 4 0 1 (Thr: 12 2 2 |lys: 1 1 1 0 |Trm: 0 ¢ ¢ 0 tA
|Met: 8 € 9 7 {Thr: 0 1 1 1 |Lys: 1 1 1 2 |Trm: i1 1 1 1IG
e e e e ———— fo e =
GlVal: g 12 10 11 |&ala 4 4 3 5 |Asp: 3 3 3 2 |Giy: g 710 9 |U
|Val: 4 0 2 0O |Ala 0 2 1 0 |lgsz: © & 0 1 iGly: 0O 0 0 0 |C
I¥al: 9 & 3 4 JApla: 1 1 1 2 J@lw: 1 1 2 3 |Gly: & 5 1 1 |A
fval:s 5 8 16 16 |Ala: 3 2 3 4 |Glu: 9 8 7 7 |Gly: 15 17 19 1B |G
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Cytb Total 380 codons

| 4] ! C | 1) | e
; I |
——t—————= H--C--G--0—+--—--- H--C--G--0-+—-—-—---H--C--G--0-4—-—=~=cHe-C——G——0—+——
UO/Phe: 7 9 7 7 |Ser: 0 2 3 3 ITyr: € 4 3 2 |Cys: 0O O O O (U
[Phe: 17 16 21 15 |Ser: 11 9% 8 8 |Iyx: 11 13 13 14 |Cys: 2 2 2 2 |{C
lLey: 7 7 6 9 |Ber: 14 9 11 11 4Trm: © O O O |Irp: 11 10 12 10 iA
| Leu: 2 1 2 0 |Ser: 0 2 0 0 ITrm: 0O 0 0 0 |Trp: 1 2 0 221G

C|Leu 7 9 3 7 |Pro 4 2 & 1 tRis;y 2 1 1 2 |Arg: O O 0O O |U
|Leu: 21 17 1% 18 |Pro ¢ 9 8 11 |His: 10 11 12 12 J|Arg: 3 3 3 3 IC
llLeu: 25 28 2% 28 |Bro 8 11 8 12 |Gipn: 8 7 9 7 |Arg: ¢ 4 3 4 |A
| Leu 2 3 3 3 |Pro 1 2 0 {tGlm: O 1 O 1 lArg: 0©0 0O 1 0 |G

AlIle: 11 9 91 |Thr: 3 0 1 7 [(Asp: 3 2 1 2 |Ber: 1 ¢ 0 0 |U
|Xle: 28 31 27 20 |Thr: 13 16 19 17 |Asn: 12 13 13 13 |S8er 3 4 5 6 IC
[Met: 12 13 15 [Zhr: 13 21 15 15 |lys 8 8 8 6 ITrm o o0 0o 0 IA
|Mel 3 3 1 3 |Thr 1 0 1 0 |Lys 1 0 0 2 1Trm 00 0 0 iG

e — o e e — o e e e —

Glval: 1 0 1 1 |Ala 0 4 2 4 |Asp: 1 2 3 2 IGly: © 2 3 2 U
fval: 3 5 4 5 |Ala: 17 12 12 12 |Asp: 10 B B 8 IGly: 12 13 11 12 |cC
¥al: 6 5 6 7 |Ala 8 4 7 |IGIr: 4 4 4 4 |gly: & 10 B 8 A
fwal: €& 0 ©0 O |Ala o O |Glu: O 1 0 O IGly: 3 0 2 1 IG
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much stronger in the loops of tRNAs and rRNAs. The D-loop noncoding region also
shows the general base composition biases. Although it is noncoding, the level of bias is

lower than the third codon positions of protein genes. The G content of the D-loop

region is ca. 15%, which is higher than that of the third codon positions (which ranges

from 2% to 7%), and is close to that of tRNA genes.
Base composition biases and asymmetric replication

If the base composition biases is not related to the function of the strands, then we
must look at other ways in which the two strands differ. One possibility is in their mode
of replication. Replication of the two strands of the mitochondrial genome initiates from
separate origins, Op and Og. OL and Oy differ in both primary sequence and some
factors involved in replication (Clayton 1982; 1991). It is therefore reasonable to expect
some differences in the replication of the two strands, which give rise to a different
probability of misincorporation. In such a model, a polymerase complex for the
replication of the H-strands prefers not to incorporate Cs. Reversely, an L-strand

replication complex prefers not to incorporate Gs.

Another way for a directional mutation pressure to cause the strand biases may be
a different potential for damage faced during the replication. As noted, vertebrate mtDNA
replication is asymmetric (Figure 3.1). The H-strand synthesis starts first from Og. The
newly made H-strand proceeds, displacing the parental H-strand, to two thirds of the way
around the mtDNA and thereby exposes the Or. During that time, the parental H-strand
spends a single-stranded state. On the other hand, the daughter L-strand synthesis begins
from Oy, and proceeds using the parental H-strand as template. Therefore, the L-strand
never become single-stranded. Among the spontaneous lesions in DNA, deamination of
C occur 250 times more frequently in a single-stranded DNA than in double-stranded

DNA (Friedberg 1985).



Since deamination of C preferentially causes C to T substitutions in the single-stranded
stage of H-strand, this may be another possible molecular mechanism for the base
composition biases (Brown and Simpson 1982). If it is so, the base composition bias
may be stronger in the region that has a longer single-stranded state. Substitutions that
decrease C and increase T in the H-strand will give rise to decreasing of G and increasing
of A in the L-strand. I have examined if the time spent at the single stranded state has any
relation with the directional mutation pressure by the relative frequency of G to A (G/A) at
the third codon positions of the L-strand (Fig 3.2). The decrease in the value G/A
indicates a decrease in G and an increase in A in the L-strand, corresponding to a decrease
in C and increase in T in the H-strand. For all four hominoids, the value G/A of the L-
strand showed a tendency to decrease as the time assumed at the single-stranded state
increases. However, the correlation between the duration of single-stranded state in the
H-strand, and the decrease of G content in the L-strand was significant only in gorilla and

orangutan (df = 9, P < 0.01).

If the base composition biases are caused by a directional mutation of a particular
type of substitutions, we would expect to observe preponderance in such differences by
the comparison of closely related species. To examine more quantitatively whether there
is any increase in a particular type of substitutions in relation to the duration of single-
stranded state in the H-strand, I have counted the observed synonymous differences
between human and chimpanzee (Figure 3.3). It should be noted that the direction of
substitutions is ignored in this comparison. Unless obscured by multiple hit
substitutions, an increase in number of the G to A substitutions in the L-strand due to C
deamination, should appear as an increase in AG differences between human and
chimpanzee. However, TC nor AG differences show apparent relation to the duration of
the single-stranded state. I admit, however, that the number of differences used in the

analysis of Figure 3.3 are not large and may be subjected to large amount of sampling

errors. As will be discussed later, synonymous differences between human
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Figure 3.1 A) Asymmetric replication of vertebrate mtDNA and B)
relationship between the nucleotide positions at the H-strand and the time

at the single stranded state.

A) 1)The replication of the H-strand (shown by the dashed arrow H) begins from a
unique origin Oy, and displaces the parental H-strand (thick line). 2) The L-strand
replication begins from another unique origin Or, when it 1s exposed by the newly
synthesized H-strand. 3) H-strand replication continuously proceeds till complete.

Therefore, the parental L-strand is never single-stranded.

B) Time spentin the single stranded state for the H-strand vertebrate mtDNA is inferred

from the distance from the origin, a polymerization rate of 270 nucleotides per minute,

and the details of replication proposed by Clayton (1982).
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Fig 3.2 Relationship between the base compositions and the distance

from the replication origin.

For the third codon positions of the L-strand, the base content of G over A from 11

protein genes were plotted against the distance from the Op. Decrease in the G/A

indicates decrease of G in the L-strand, hence decrease of C in the H-stand.
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Figure 3.3 Relationship between the synonymous differences and the

distance from the replication origin.

Synonymous differences per site between human and common chimpanzee were plotted

against the distance from the Op,. The solid dots indicate the TC synonymous differences

and white dots represent the AG synonymous differences.




45

20 e
® ®
[/ I ‘.-. ®- - - - - ===~
D &
Q : - o TC
% 1 ] P r=0.05
=
7]
.
O o
D wn
=
g: o R
W I

Y = T P Q.. - o~ AG
co 57 O O
O v ) o r=0.26
%
wn .

0 M 1 i v ] T v ] T

0 2 4 6 8 10 12

Distance from the O L (kb)




46

and gorilla or chimpanzee and gorilla would be too large and involve serious amount of

multiple hit substitutions, so I decided not to use them .

Conclusions

As observed in other vertebrate mtDNAs, hominoid mtDNAs possess a strong
bias in the G+T compositions, where it is high in the H-strand and low in the L-strands.
The base composition biases are evident along the whole genome. Independent of the
coding genes, the L-strand of mtDNA is always rich in A and C, and low in G content.
Therefore, the bias in the base compositions is not due o constraints imposed by
function. It is likely that the evolution of mtDNA is influenced by directional mutation
pressure, as indicated by low GC contents in gram-positive eubacteria (Osawa et al.

1990).

A possible cause for the strand biases may be a different potential for damage
faced by replication. Due to the asymmetric replication, the H-strand transiently becomes
single-stranded. This single-stranded molecule is subjected to a higher probability of
deamination at C, and results in reduced numbers of C and increased numbers of T in the
H-strand. The base compositions in the rearranged region in marsupial, and the different
base composition biases in the Echinoderms present supportive observations to the model
(Thomas and Wilson 1991). This model has also been suggested from the observations
in carp, rat and other mammalian mtDNAs (N, Nikou et al. personal communication).
However, observations from hominoid mtDNAs suggest that the C deamination may not
only be the cause for the base compositional biases. Additional process is also required
to explain the bias between A and G compositions in the H-strand. Detailed studies of
mitochondrial replication in diverse groups of animals should provide great insights into
the relationships between replication and evolution by base substitution. Whatever the
molecular mechanisms are, directional mutation pressure appears to operate in animal

miDNAs.




CHAPTER FOUR

STRUCTURAL AND FUNCTIONAL PROPERTIES OF
MITOCHONDRIAL GENES

In this chapter I will discuss about the structural and functional characteristics of
the mitochondrial protein genes, tRNA genes, IRNA genes and noncoding regions by

examining the distribution of variable sites in structure models of these regions.
Protein genes

There are 13 protein genes encoded in mtDNA, which belong to five respiratory
complexes (Table 4.1). Of these, ND6 is the only protein gene that use the L-strand for
the template strand (Figure 2.1). There are two cases (ATPase 8 and ATPase 6, and
ND4L and ND4), where two proteins overlap partially in the reading frames. However,
tRNA genes between the genes for protein and ribosomal RNAs, seem to serve as
punctuation signals for the processing of the primary transcripts (Ojala et al. 1981).
Some properties of mitochondrial mRNAs can be given: They lack a 5' noncoding
leader sequence and the cap structure which generally participate in the binding of
mRNA of protein genes to bacterial and eucaryotic ribosomes, respectively. In most
cases, mitochondrial protein genes terminate with an incomplete stop codon (U or A),
and the stop codon is created by addition of poly (A) tail at their 3’ end that is added

post-transcriptionally by a mitochondrial poly-A polymerase (Ojala et al. 1981).
1. Codon strategy

Animal mitochondrial genetic codes differ slightly from the universal (i.e.
eukaryotic nuclear and prokaryotic) ones. Variations are also notable within the

mitochondrial genetic codes (reviewed in Auardi 1985). This i1s because mitochondrial

codes are translated so as to require fewer tRNA species than those required by the
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Table 4.1 Respiratory complexes and miDNA subunits

Complex Polypeptides mtDNA encoded polypeptides

I NADH ubiquinone 25 ND1, ND2, ND3, ND4,
oxidoreductase ND4L, ND35, NDé6

II Succinate ubiquinone 5
oxidoreductase

001 Ubiquinol cytochrome ¢ 9-10 Cytochrome b
oxidoreductase

1% Ferrocytochrome ¢ 8 COl, COII, COII
oxygen oxidoreductase

A% ATP-synthase 12-14 ATPase 6, ATPase 8




eukaryotic nuclear and prokaryotic systems. None of the genetic codes differ radically
from one another. This suggests that the mitochondrial codes are altered descendants of

the universal codes.

In bacterial or iower-eukaryote genes, codon usage is closely related to the cellular
concentration of tRNAs, which may be important in regulating the supply of aminoacyl-
tRNASs for efficient translation (Ikemura 1981, 1982). This may not be applicable to the
mitochondrial system, because in mitochondria, codon members specifying each amino

acid is read by one tRNA species.
Initiation codons

Protein synthesis in mitochondria starts at N-formylmethionine (ATG, ATA) as
in bacteria. However, sequences of the 5' end of mRNAs has also revealed that the
mature transcripts could start from the base immediately after the tRNA at the same
strand and not from the initiation codon (Montoya et al. 1982). Among hominoid
mtDNAs, initiation codons vary in NDJ, ND3 and ND5 (Figure 4.1). The NDI mRNA

has been sequenced in humans: The initiation codon ATA lies after two spacer bases,

and after a triplet codon, there is another methionine ATG which assures the reading

frame. In common chimpanzee, the initiation codon ATA(Met) in human is substituted
by ACA(Thr). This suggests that chimpanzee NDI either uses ACA(Thr) as initiator
codon or initiate the reading frame from the ATG, two codons down stream. The
variability in the reading frame and the initiation codons in NDI has been noted in
mouse, rat, and Xenopus (Bibb et al. 1981; Roe et al. 1985; Gadeleta et al. 1989). In
orangutan NDJ, the second methionine ATG conserved in other hominoids is replaced
by GTA(Val). Then the initiation codon ATA in human is replaced by initation codon
ATG. Such feature is also observed in whale NDI (Arnason et al. 1991). This suggests

that ATG may possibly be a stronger initiation codon than ATA or other initiation

codons.

49




50

Figure 4.1 Variations in initiation and termination codons in hominoid

mtDNAs.

Initiation and termination codons that are variable among the hominoids are listed in the
table, together with the alignment in the vicinity of the initiation or termination codons.
The termination or initiation codon is indicated by the bold letter in the alignment. Only
the bases different from human is shown. Abbreviations for the hominoid species are:

CHIMP-common chimpanzee, GORIL-gorilla, ORANG-orangutan, PYGMY-pygmy

chimpanzee, SITAMA-siamang.
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Initiation codons

Gene Human Chimpanzee Gorlla Orangutan
ND1 ATA ACA¥* ATA ATG
ND3 ATA ATA ATA ATTH*
ND5 ATA ATA ATA ACA*
ND1 serucn+— ND1—*

HUMAN  TTCTTAACAACATACCCATGGCCAACCTCCTACTS

CHIMP G c a

GORIL T T T T

ORANG A G TG AAT G

ND3 Gly— ND3 —

HUMAN  ACATTCAAAAAAGAGTAATARACTTCGCCOTTIAATTT

CHIMP T C

GORIL GT CC CG C

ORANG C T TC GCC

.ND5 LeuCUN— ND5 -+

HUMAN  CTCCAARATAAAAGTAATAACCATGCACACTACTATA

CHIMP T TG c

GORIL T T G C

ORANG cG ™ C C

Termination codons

Gene Human Chimp Pygmy Gorilla  Orangutan  Siamang
COI AGA AGA AGA AAA* GAG* AGA
COIl TAG TAG TAA TAA TAA TAA
Col COI—  SerUCN“—

HUMAN  GTATACATAAAATCTAGACAAAAAAGGAAGGAATCG

CHIMP

PYGMY G

GORIL T G a

ORANG c T C CGAG

SIAMA cC T C

col COoII— noncoding

HUMAN  ATAGGGCCCGTATTTACCCTATAGCACCCCCTCTA-C

CHIMP A c T TT C

PYGMY B cC T A TT C

GORIL A CG AT TCTC T

ORANG A CG TT AT TT A CCC

SIAMA T AC G CTCTG-
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\
The initiation codon ATA of human NDJ5, lies immediately after the

tRNALeu(CUN) and after a tripiet there is another methionine ATG, which is conserved
among the hominoid ND5. In orangutan, however, the reading frame initiates from the
ACA(Thr), directly after a tRNA, assured by another methionine ATG two codons down

stream. The use of ATC initiation codon has been suggested in mounse ND5.

ND3 is another case where a transcript initiate immediately after the tRNA. In
orangutan, the initiation codon ATA in other hominoids is replaced by ATT (Ile). Such a

vartation in the ND3 initiation codon is also noted in rat (ATT) and mouse (ATC).
Termination codons

Mammalian mtDNA generally use the termination codons TAA, TAG, AGA and
AGG. AGA and AGG are an example for the exchange in genetic codes, where they
code for arginine in the universal code, and serine in Drosphila mtDNA. The COJ and
COIT genes have variable termination codons, although they are the two-best conserved
protein coding genes at the amino acid level, as discussed later. The CO/ termination
codon is AGA in human, chimpanzees and siamang, but the same codon position is
substituted by AAA (Lys) in gorilla and GAG (Asp) in orangutan. Because AAA and
GAG are frequently used in the COJ coding region, an acquisition of such new
termination codons seem to be unlikely. It is possible that AGG occurring in down-
stream can be used as a termination codon. This down-stream termination codon would
cause a 10 bp overlap between COI and tRNASer(UCN) genes. However, this overlap
would not give rise to any serious effect on transcription because these two genes are
coded on the opposite strands. Furthermore, amino acid replacements in CO/I are more
frequent in the 3' end than in other regions, indicating weak functional constraints in this
region. Thus elongation of the C-terminal of COJ may not be functionally defective.
Similar instances of COJ have also been noted in bovine and mouse {(Anderson et al.

1982; Bibb et al. 1981). It therefore seems to be a general phenomenon that the 3' end of

COI is flexible and the gene has been using different termination codons in different




positions. The COI/I termination codon is variable among hominoids, although the
position is fixed; TAG in common chimpanzee and human, TAA in pygmy chimpanzee

3

gorilla, orangutan and siamang.
Codon usage for each gene

In the mammalian mtDNA codons, one would observe a bias favoring codons
ending by A or C. As discussed in the part of base compositions (Chapter three), the
codon usage at the third codon positions reflects the directional force that makes up the
base compositional biases in each mtDNA strands. Table 3.2 summarizes the codon
usage of each gene in 4 hominoid species. Codon usage differs from species to species,
but most changes occur between synonymous sites of codons, so that the amino acid
usage (sum of the number of codons for each amino acid) are similar among species. The
codon read by a tRNA through Watson-Crick pairing is most often used in two-codon
groups (underlined in Table 3.2), whereas C residues that do not perfectly match the
Watson-Crick pairing are preferred (over A residues) at the third codon positions in four-
codon groups. This is the case for Pro and Ala in most genes. The exception in two
codon groups is Met, where ATA is preferred over ATG in all genes but ND6. This may
be because ATG is preferentially used as an initiation codon. NDG, which is the only
gene that use the H-strand as the sense strand for ND6 mRNA, prefers T or G over A or
C. This can be explained by the directional mutation pressure on the opposite strands.
There is, however, an interesting exception. The Leu TTA is preferred over TTG or
CTG in ND6. Moreover, ND6 is the only gene that frequently use the TTA, but rarely

use CTA or CTG (Figure 4.2). There seems be some unknown reason for the preference

of Leu TTA in ND6 .
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Figure 4.2 Amino acid compositions of 13 protein genes in hominoid

mtDNA.

The amino acid composition of the 13 protein genes and the average percentage of the 4
hominoid species (human, common chimpanzee, gorilla and orangutan) were deduced
from the codon usage table (Table 3.2), and compared for each amino acid. The codons
for leucine (Leu) and serine (Ser) recognized by two different tRNAs, were calculated
separately. Amino acids are shown in the three letter code together with their genetic

codes. Y stands for T or C, R stands for A or G, and N can be any of the four bases,T,

C, AorG.
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2. Amino acid usages

All mitochondrial proteins belong to subunits of the respiratory complexes located
in the inner membrane of mitochondria (Table 4.1). Amino acid composition for each
mitochondrial protein was deduced from the codon usage table (Table 3.2), and is shown
in Figure 4.2. 1t seems that the mitochondrial proteins generally have similar amino acid
compositions: Cys is commonly the least used amino acid. In most genes, both Leu and
Thr are frequently used among the hydrophobic nonpolar and hydrophilic amino acids.
However, some protein genes use some amino acids more frequent than others: For
example, COI and COII frequently use amino acids such as Gly, Val and Asp whose
codons begin with G. ATPase 8 dominantly use Pro, Thr, Asn and Lys, whose codons
are rich in A or C. On the other hand, ND6 shows frequent occurrence of Val, Gly, and
Glu, whose codons are rich in G or T, and rarely uses Leu(CUN). In this sense, the
amino acid usage of ND6 is unique compared to other proteins belonging to the
respiratory complex I. Such observations suggest that although the amino acid usage is
greatly reflected by the nature and function of the respective protein (which may be the
possible explanations for COI, COII and ATPase 8), some directional mutation pressure

may also influence the amino acid usages as in the case of ND6.

3. Similarity in amino acid sequences

Amino acid sequence differences between different genes or parts of genes most
likely refiect different degrees of selective constraints against them (Kimura 1983). To
obtain a broad view of the different constraints for each gene, a comparison is made
between amino acid sequences for each pair of 4 hominoid species (human, common
chimpanzee, gorilla and orangutan). The degree of amino acid sequence differences
clearly shows that COI and COII are the most conserved proteins, while ATPase 8 is the
least conserved (Figure 4.3). Among the ND subunits in respiratory complex I, ND4L 1s

the most conserved and ND3 is the least. The degree of conservation in Cyt b comes

between the two extreme ND subunits.
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Figure 4.3 Pairwise amino acid differences among hominoid mtDNA

genes.

For each gene percent amino acid differences from pairwise comparisons among the 4

hominoid species are shown. From left, the pairs compared are human (H) - common

chimpanzee (C}, H - gonlla (G), C- G, H - orangutan (O), C- O,and G - O.
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Noteworthy are the extensive changes accumulated in the oranguotan lineage, as observed
in ND1, ND2, and ATPase 8. When these amino acid differences that are unique to the
orangutan were examined, the frequent changes were involved with Tyr and Leu in ND1,

and with Met in ND2 and ATPase 8.

Subunits COI and COII contain hemes and coppers which constitute all the four
redox centers of the cytochrome oxidase (complex I'V; see Table 4.1). These centers are
responsible for the catalytic function of the enzyme (reviewed in Capaldi 1990) so that
they may be most functionally important among the mitochondrial proteins. ATP
synthase {(complex V) has the catalytic part {FF]) and an integral membrane componeat
with proton channel (Fg). ATPase 6 and ATPase & participate in the Fqg part of the
complex V, but their functional roles are poorly understood. NADH ubiquinone
dehydrogenase (complex I} catalyzes both the reduction of Q analogs and proton
translocation, and subunits ND1 through NID6 belong 1o the hydrophobic protein fraction
of the enzyme (Hatafi 1985). Involvement of ND1 in ubiquinone binding has been
suggested. However, none of the ND subunits encoded by mtDNA contain iron sulfer
centers, and their functions are obscure. Ubiquinol cytochrome ¢ oxidoreductase
(complex IIT) catalyzes electron transfer from dihydroubiquinone to cytochrome ¢. Cyt b
contains histidine pairs that are conserved from yeast to human (Widger et al. 1984).
These conserved histidine pairs are considered as the ligand pairs for the hems b562 and

b566.

4. Location of the amino acid substitutions in a structure model.

The conservation of the cytochrome oxidase components may well reflect their
central role in the catalytic mechanism of the enzyme (Saraste 1990; Capaldi 1990). For
other protein subunits, restricted regions of their polypeptide chains may be concerned
with catalysis, and amino acids in such regions thereby may be constrained from

changing. To look at the different degrees of selective constraints against different parts

of genes, I examined the disposition of amino acid replacement sites in the proposed
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folding models (Figure 4.4). The number of transmembrane helices and the topological
orientation relative to the two sides of the innermembrane are based on previously
reported studies (Irwin et al. 1991; Poyton et al. 1992; Fearnley and Walker 1992). The
boundaries of each helix in the folding model were deduced both from the hydrophobicity
(SOAP profile: Kyte and Doolittle 1982) and the prediction of secondary structure (Chou
and Fasman 1978).

For COI, it has been proposed that heme a is associated with helices ii and x, and
the binuclear reaction center (heme a3-Cu8) is associated with helices vi, vii, viii and x
(Babcock and Wikstrom 1992). The amino acid sequences for these regions are highly
conserved. For COII, it has been proposed that CuA is located in a cytochrome-c-
binding domain, which is within the hydrophilic region at the C-terminal end of the

polypeptide and on the cytoplasmic (C) side of the membrane (Wikstrom et al. 1984).

ATPase 8 is the most changeable subunit among hominoids. Amino acid
replacements are observed throughout the transmembrane region and the matrix (M) side
of the membrane. It is therefore possible that required amino acids at particular sites of
these regions can be flexible in their biochemical properties and thus the degree of

selecrive constraints is rather low.

For Cyt b, it is suggested that hemes b-562 and b-566 are coordinated to histidine
residues in transmembrane helices ii and iv (Widger et al. 1984). The Q; redox center
involves a short portion of the first ransmembrane segment. These regions are relatively
conserved in the Cyt b polypeptide. Most of the polypeptides on the cytoplasmic side of
the membrane are implicated in the Qg redox center (Howell 1989). This appears to

explain the reduced changes in the cytoplasmic side of Cyt & polypepude.

For ND subunits, the topological orientation relative to the two sides of the
innermembrane is not known, however, some conserved regions has been pointed out by
extensive amino acid sequence comparisons of both vertebrates and invertebrates

(Fearnley and Walker 1992). In ND1, the conserved segments lie in the polar segments



Figure 4.4 Folding models for the disposition of respiratory protein

subunits (1) — subunits from complex III, IV and V.

The location of amino acid replacement site observed in any of the four hominoid species
(human, common chimpanzee, gorilla and orangutan) is indicated by a dotted circle.
These models are based on the algorithms of Eiselberg et al. (1984), Rao and Argos
(1986), and Kyte and Doolittle (1982), and the folding models of . cerevisiae mtDNA
(Poyton et al. 1992), In each case, a residue 1 designates the N terminus of the primary
translation product. The matrix and the cytoplasmic faces of the membrane are designated
by M and C, respectively. Predicted transmembrane helices are shown as barrels, and the
amino acid residues that are at the boundaries of these helices are indicated. The deduced
orientation relative to the two sides of the membrane is based on the following studies:
The heme orientation and spacing in COI, the orientation of Cup in COII, and the cross
linking studies with cytochrome ¢ in COIII by Wikstrom et al. (1984), dispositions of
ATPase subunits by Nagley (1988) and Cox et al. (1986), and the structure of Cyt b by
Irwin et al. (1991).
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Figure 4.5 Folding modeis for the disposition of respiratory protein

subunits (2) — subunits from complex 1.

The location of amino acid replacement site observed in any of the four hominoid species
(human, common chimpanzee, gorilla and orangutan) is indicated by a dotted circle.
These models are based on the algorithms of Chou and Fasman (1978), and Kyte and
Doolittle (1982). The location and the number of helices refer to the comparative studies
by Fearnley and Walker (1992). In each case, a residue 1 designates the N terminus of
the primary translation product. Predicted transmembrane helices are shown as barrels,

and the amino acid residues that are at the boundaries of these helices are indicated. The

orientation relative to the two sides of the membrane 1s not known.
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of helices i, ii, v and vi, and the most conserved hydrophilic stretches are on the same
side (the lower side of Figure 4.5) of the membrane. In ND2, although it is not clear
from the figure, invariant amino acids are confined to a conserved region between helices
viii and ix. In ND3, helices ii and the loop between the helices ii and iii are well
conserved. However, the residues that are widely conserved among animals are Jocated
around the C-terminus and the lower side of the membrane. For example, a conserved
Cys residue flanked by invariant Gly residues is located in the extensive loop between the
helices i and ii. In ND4, helices v-viii are known to be conserved in animals. Among
the hominoids, helices ix-x are also conserved. In ND35, the most conserved regions are
located between helices vi and vii, and viii and ix, respectively. A considerable difference
between vertebrates and invertebrates is known for ND6, and extensive length variation
between the helices iv and v has been observed in other animals. This region is also
variable among the hominoids. The helix v and the N-terminus 1s known to be similar

among the vertebrates.

The distribution of the variable sites in the hominoid protein subunits indicate the
different degrees of conservation in regional units. Such would be helices constructed in
the membrane spanning domain by hydrophobic sequences, and by hydrophilic
sequences lying outside the lipid bilayer. The assembly and cooperative function of the

protein subunits in each respiratory complex should be understood by a future extensive

"analysis of both mitochondrial and nuclear coded protein subunits from various

organisms.
tRNA genes

There are 22 tRNA genes encoded in the animal mtDNA, sufficient to read all but
the termination codons in the mitochondnal genetic code (Table 3.2). Fourteen tRNA
genes use H-strand as templates ({(RNA(L)), whereas the remaining eight use the L-strand

as templates (tRNA(H)). Besides having a structural role, the tRNA genes act as

recognition sites for processing enzymes, which cleave the primary transcript at the




junction between the protein and tRNA genes (Ojala et al. 1981). Mammalian
mitochondrial tRNAs are considered as a separate class of tRNA molecules for the
following reasons: They are smaller than the prokaryotic or cytoplasmic counterparts.
They lack a number of usually invariant bases; the TYCRA sequence in the TywC loop,
and G-G invariant bases in the DHU loop. The most dramatic case of mammalian
mitochondrial tRNA is the tRNASCr{AGY) which completely lacks the entire DHU arm
and could not form a clover-leaf structure. The only conserved universal feature is the

base U immediately preceding the anticodon and pyrimidine following the anticodon.
1. Distribution of variable sites in tRNAs

The location of variable sites and base mispairs in the secondary structures of the
22 tRNAs show that the number of substitutions differs substantially among various
tRNA domains such as stems (helical regions) and loops (Figure 4.6, 4.7). Although the
nucleotide substtutions are found in all of the domains, stems are more conserved than
loops and gaps. The most conserved domain is the anticodon loop which contains an
anticodon of each tRNA. On the other hand, the most variable domain is the TyC loop

and the second most is the DHU loop.

As noted by many authors (e.g., Jukes 1969; Kimura 1983), the stems accumulate
compensatory substitutions which restore Watson-Crick base pairings. Compensatory
substitutions are found in the acceptor stems of the gorilla tRNVAT#" orangutan tRNATHr,
IRNALYS and tRNAASP, and siamang tRNA Gin. DHU stem of orangutan tRNAThr the
anticodon stem of human tRNAAS? orangutan tRNAY@! and also in the TyC stem of

human tRNAASP, gorilla tRNAGLY, tRNATH | and orangutan tRNATAr tRNAGIu,
2. Codon usage and tRNA variability

The proportion of varable sites in the aligned tRNA genes shows a strong

heterogeneity in the nucleotide substitutions per site (Figure 4.8): The proportion ranges

from 4.2% in IRNALew(CUN) and 4.4% in tRNAMet 10 34.8% in tRNATHT. The low
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Figure 4.6 Distribution of variable sites in the putative secondary

structure of hominoid mitochondrial tRNAs (1).

Each tRNA consists of 14 structurally distinct regions: 5'-acceptor (A) stem - gap -
dihydrouridine (DHU) stem - DHU loop - DHU stem - gap - anticodon (AC) stem - AC
loop - AC stem - variable loop - TwC stem - TyC loop - TyC stem - A stem- 3'. Among
the hominoid tRNAs, size variation occur only at DHU loop, variable loop and TyC
loop. Hatched areas indicate positions that base differences are observed among the
comparison of 6 hominoids (human, common chimpanzee, pygmy chimpanzee, gorilla,
orangutan, and siamang). A solid line between nucleotides (boxes) in stem parts

indicates a Watson-Crick pair in all the species, while a dot indicates a non Watson-Crick

patr in some species.
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Figure 4.7 Distribution of variable sites in the putative secondary

structure of hominocid mitochondrial tRNAs (2)

Hatched areas indicate positions that base substitutions have taken place among the
comparison of 4 hominoids (human, common chimpanzee, gorilla, and orangutan). A
solid line between nucleotides (boxes) in stem parts indicates a Watson-Crick pair in all

the species, while a dot indicates a non Watson-Crick pair in some species. The location

of the conserved 13 bp sequence in tRNALew(UUR) i5 shown by an aligned bar.




71

=

N X
R

—
D

c

O

c

=

I
T TITYH

-Illl&'*". L
HAN <




72

Figure 4.8 Relationship between codon usage and observed differences

in tRNA,

The percent usage of the tRNAs were deduced from the codon usages in the human
mtDNA genome. The percent nucleotide changes for each tRNA were calculated from the
size of the tRNA gene and the number of nucleotide differences observed in a

phylogenetic tree of 4 hominoids (human, common chimpanzee, gorilla, and orangutan).

The name of tRNA for each plot is designated by a three letter amino acid code.
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number of substitutions in tRNAMe! jg due probably to its important role in the
transcription initiation. The high number of substitutions in the tRNAT is due to the
many compensatory substitutions. Since it was suggested by the sequence analysis of
IRNAHIs [RNASer(AGY) and RNALew(CUN) that the number of substitutions in tRNA
varies inversely with the frequency of the corresponding codons used in the mtDNA
(Brown et al. 1982), I examined this rule for all tRNA genes (Figure 4.8). The
correlation is not apparent in this extensive study: The two disparate tRNA genes are
tRNALew(CUN) and iIRNATH" both are frequently used in the mitochondrial protein genes.
However, tRNALeu(CUN) is one of the least variable tRNA gene, and tRNATH” the most
variable among the hominoids. For the two tRNA genes, the number of sites that are
variable among the hominoid species differ by 20 sites. The rate of tRNA evolution
appear to be partly determined by both the function of the tRNA gene itself and the codon
usage patterns. For example, a 13 bp sequence in the DHU stem and DHU loop of
tRNALevUUR has a regulatory role for the transcription termination (Christianson,
Clayton 1988; Kruse et al. 1989). A point mutation within this conserved 13 bp
sequence is associated with a genetic defect in mitochondrial encephalomyopathies
(MELAS) that cause severe human neuromuscular disorders (Goto et al. 1990). Several
other point mutations in tRNA genes that are associated in human genetic disorder are
reported (Silvestri et al. 1992). For example, a point mutation in TyC stem of tRNALYs
1s frequently found in patients with Myocloneus epilopsy ragged red ﬁbcrs (MERRF). It
has been demonstrated that the same mutation impaired protein synthesis and cellular
oxidation of cultured cells (King and Attardi 1989). Curiously, however, this position is
variable among the hominoids. Further comparative studies should lead to the

understanding for the function and evolution of the tRNA genes.
rRNA genes

Mammalian mitochondrial ribosomes belong to a distinct class of ribosomes,

because of dramatical differences in size. Secondary structure models of large and small




rRNAs from prokaryotes, eukaryotes, chloroplasts and mitochondria, have been
proposed both from comparative sequencing studies and structural analyses (Maly and
Brimacobe 1983; Hixson and Brown 1986). The major structural features of these
rRNAs are, however, similar despite the vast evolutionary distances among them. The
structural similarity and differences of rRNAs may provide understanding of the
functional role of the conserved sequences and evolution of the rRNA molecules. Below,
I will examine the proportion of variable sites among the four hominoids for each rRNA
domains. The domain structures are defined by long range interactions which are among
the elements better conserved in the structure (Cantatore and Saccone 1987). The source
of sequence data is as follows: human (Anderson et al. 1981); 12STRNA of common
chimpanzee and gorilla (Hixson and Brown 1986); 12SrRNA of orangutan, and

16SrRNA of common chimpanzee, gorilla and orangutan (present study).

The secondary structure model of hominoid 125 rRNA have been proposed
(Hixson and Brown 1986), and is organized into three domains (Cantatore and Saccone
1987). From the 5' end, domain 1, 2 and 3 represent sites 1 to 283, 284 to 546, and
547 to 956, respectively. The proportion of variable sites observed among the four
hominoids is 16.6% in domain 1, and 11.8% and 10.5% in domain 2 and 3, respectively.
There is a hairpin loop structure comprised by the 3’ terminal nucleotides, which 1s highly
conserved among mammalian 128 rRNA. This structure may be important for the
binding of the two ribosomal subunits through interaction with the 165 rRNA (Azad

1979).

The secondary structure of 16S rRNA is organized into six domains (Cantatore
and Saccone 1987). The first domain (sites 1 to 187) has a low number of secondary
structure interactions. The proportion of variable sites among the 4 hominoids is 23.2%.
The area between the end of the second domain (sites 190 to 601) and the beginning of

the fourth domain (sites 781 to 1023) is highly variable and also displays a low primary

and secondary structure homology among animal 16S rRNAs. The proportion of
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variable sites in domain 3 is 22.9%. The fourth and fifth (sites 1024 to 1448) domains

are very conserved, the proportion of variable sites are 6.2% and 16.9%, respectively.

Mitochondrial rRNA genes change rapidly compared to the nuclear counterpart,
although they are the most conserved coding regions in the mtDNA. Comparison of the
two TRNA genes indidcate that, as a whole, 125 TRNA are more conservative than 16S

rRNA.
Control regions

There are two major control regions in the mtDNA. One is the D-loop region,
which spans between the genes for tRNAPAe and tRNAPr. This region contains most of
the regulatory elements for mtDNA transcription and replication. The other is the Of,
sequence, located on the H-strand between the tzRNAAST and tRNACYS. In spite of these
regulatory roles in the control region, substitutions, additions and deletions accumulate
more rapidly in these regions than in other mtDNA regions. Extensive level of
divergences are observed in the interspecies comparisons. Particular mutational events
that are probably due to pausing of the polymerase enzymes at the secondary structure
level, recombination, or replication slippage mechanisms may occur in the control

TEgIioNs.

The transcription of human mtDNA L- and H-strand, starts at promoter LSP and
HSP, respectively. Nucleotides that are critical for the accurate promoter activity have
been identified by site directed mutagenesis analyses (Hixson and Clayton 1985). Figure
4.9 summarizes the corresponding nucleotide sequences in the hominoids; the orangutan
sequence determined in the present study, and other reported sequences (Anderson et al.
1981: Foran et al. 1988). It is noteworthy that orangutan mtDNA possess nucleotide

changes that may cause reduction in the human promoter activity.

In several vertebrate species, three conserved sequence blocks (CSB's) are

present upstream from the 5" termini. There are evidence from mouse and human that a




switch from RNA to DNA synthesis can occur at CSB-1 (Chang and Clayton 1984,
Chang et al. 1985). No function, however, is known for either CSB-2 and CSB-3.
Alignment of the orangutan CSB-1 sequence with other hominoids shows that four
substitutions and a deletion occur in the orangutan CSB-1 (78% in homology).
Alignment of hominoid CSB-2 and CSB-3 sequences shows that part of CSB-2 and
CSB-3 is deleted in gorilla, and all of CSB-2 and part of CSB-3 are deleted from
orangutan mtDNA. It is also known that all of CSB-3 has been deleted in cow mtDNA.
Such marked divergences of CSB-2 and CSB-3 in gorilla and orangutan argue against

their involvement in D-loop DNA initiation.

A small region surrounding the Or, differs from other intergenic sequences by its
greater size and by the conservation of several features (Figure 4.10). There are two 11
bp stretch that are completely conserved among the hominoids. This region is proposed
to construct the stem of O, structure (Brown 1985). Also conserved is a tandem T repeat

of six to seven nucleotides located in a 12 bp sequence (13 bp in orangutan) that

corresponds to the proposed loop sequence of the Or structure.
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Figure 4.9 Alignment of the transcription promoter sequences of

hominoid mtDNA.

The nucleotides of the heavy strand promoter (HSP) and light strand promoter (LSP)
have been aligned with the corresponding site in the 5 hominoids. Only the nucleotide
sites different from human are shown for the 4 hominoids. The start site of transcription
is indicated by the arrows. Nucleotides written in italics represent positions where
induced mutations cause marked reduction in promoter activity in human. Nucleotides
with asterisks indicate the positions that are absolutely required for promoter function in
human (Hixson and Clayton 1985). Orangutan sequence is newly determined in this
study. Human sequence is taken from Anderson et al. (1981). Nucleotide sequences of

the remaining hominoids are from Foran et al. (1988). Species abbreviations are:

COMCH - common chimpanzee, PYGCH - pygmy chimpanzee, ORANG - orangutan.
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Figure 4.10 Alignment of nucleotide sequences of L-strand

replication origin in 6 hominoid mtDNAs,

The template (i.e. H-strand) sequences of human mtDNA (Anderson et al. 1981) are
shown in 5' to 3" orientation. For other hominoids (orangutan - present study; others -
Foran et al. 1988), only the nucleotide sites different from human are shown. Note that
the two stem sequences make perfect Watson-Crick pairings. The high proportions of
T's occurring as a tandem repeat in the loop sequence has been conserved, and may be of

functional significance. Species abbreviations are: COMCH - common chimpanzee,

PYGCH - pygmy chimpanzee, ORANG - orangutan.
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Conclusions

The distribution of variable sites among the hominoid mtDNAs give some
inferences to the functional constraints of each region and the mechanisms of evolution in
the mtDNA. The region which is suggested to have some important functional role is
always conserved among the hominoids. Therefore, further comparative analysis from
variety of mtDNAs should point out more clearly the regions of the genome that are
functionary invariable. Such sites may involve with the conformation or assembly of

gene products, or with interactions to some proteins or regulatory elements.

Another important factor to consider 1s the pressure of mutaton that constructs the
base composition biases of the H- and L-strands. For the protein genes that use the H-
strand as the template, codons or amino acids using C or A are preferred. It is interesting
to note that some protein genes which use codons involving C or A more frequent than
other protein genes (ATPase 8), show relatively large amount of amino acid replacement
changes. On the other hand, some protein genes (COf and COII) that use codons

involving G more frequent than other protein genes are relatively conservative in amino

acid sequences.




CHAPTER FIVE
NUCLEOTIDE DIFFERENCES AND MODE OF EVOLUTION

Several features were illustrated from the comparison of portions of mtDNAs.
The most intriguing observation is the excess of transitions over transversions and the
decrease in the observed rate of transitions with increasing divergence time (Brown et al.
1982). Although questions still remain for the elevated transition rate, the decrease in the
percentage of transitions relative to divergence time was explained by the erase of the
record of transition and accumulation of transversion over a large period of time, due to
multiple substitution at the same site (Brown et al. 1982; De Salle et al. 1987). A wider
and deeper understanding of the process of nucleotide substitutions in the mitochondrial
genome is necessary to infer a reliable rate of nucleotide substitutions and the

phylogenetic relationship of hominoids.

In this chapter I will discuss the characteristics of the nucleotide substitutions in
hominoid mtDNAs. Excluding small overlapping parts, and noncoding parts in which
insertion/deletion is frequent, I classified the nucleotide substitutions into transitions
(AG/TC) and transversions (V). Transitions were divided into two types, substitutions
between A and G (AG), and substitutions between T and C (TC). Such classifications
were made in order to examine the actual mode of nucleotide substitutions very carefully.
As mentioned before, it is known that transitions predominate transversions. It is also
reasonable to discriminate between AG and TC substitutions because their mode of
substitutions are likely to be different due the extreme biases in the base compositions.
Consequently, nucleotide substitutions in tRNA and rRNA regions were classified into
three different categories; AG, TC and V. In the protein coding region, I further treated

three codon positions separately and classified them into synonymous (S) and

nonsynonymous (N). At first positions, there are AG nonsynonymous (AGN), TC
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Figure 5.1 Accumulation of nucleotide differences in the protein coding

region,

Nucleotide differences in protein coding region (4008 sites) included in the homologous
4.9 kb region (hatched bar in Figure 2.1) are examined. Observed number of nucleotide
differences for a pair of hominoid species 1s plotted against estimated divergence times
(Horai et al. 1992). The differences are examined in the categories of TC transitions, AG
transitions, and transversions (V) that are synonymous (S) and nonsynonymous (N).
Most synonymous substitutions occur at the third codon positions except for the first
codon positions of leucine codons (TCSt). Differences of synonymous TC transition
(TCS) are divided further into TCS) and the TCS at third codon positions (TCS3). The
pairs compared from the left are: common chimpanzee (CC) - pygmy chimpanzee (PC)
at 2.5 million years ago (mya); human (H) - CC and H - PC at 4.7 mya; gorilla (G) -
CC,G-PCand G- H at 7.7 mya; and orangutan (O) - CC,O0-PC,O0-Hand O- G at

13 mya.
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nonsynonymous (TCN), TC synonymous (TCS), and transversional nonsynonymous
(VN) substitutions. Similarly, at the second positions, there are AGN, TCN, and VN
substitutions, and at the third positions, there are AGS, TCS, VS and VN substitutions.
For convenience, these symbols are used together with a subscript when coding positions
are specified; for example, TCS] means TC synonymous substitutions at the first codon
positions. To clearly distinguish between the observed differences and the inferred (or
actual) number of substitutions, I will use the word differences for the observed changes,

and the word substitutions for the inferred changes.
Nucleotide differences in the protein genes

The mode of accumulation of the observed nucleotide differences in the protein
coding region is shown in Figure 5.1. The high substitution rate of mtDNA raises
several cautions. Synonymous transitions such as AGS3, TCS1 and TCS3 level off
rapidly and are in some cases saturated even between human and chimpanzees. This is
consistent with well-known high transition rates in mammalian mtDNA, the ratio of
AG/TC changes to V changes being about 10 (Brown et al. 1982). However, the kinetic
behaviors of various types of synonymous changes (AGS3, TCS], TCS3 and VS3)
differ from one another. Such differences may be accounted for by their different
saturation levels. Usually, the content of G residues at the third codon positions is
extremely low (Table 3.1), so the saturation level of AGS3 must be low and attained
rapidly. The slower levelling-off, as observed in TCS3 and particularly in VS3, is due 10

a relative abundance of A, C, and T residues. This situation is similar for TCS1 in which

Leu codons (UUR and CUR} are involved.

The mode of accumulation of the observed nucleotide differences for each gene is
shown in Figure 5.2. Clearly, synonymous transitions (AGS and TCS) attain the
saturation level for all genes. Different genes show different behavior in the level and

time of saturation. ND3, Cyr b and ATPase &8 are the rapidly saturating genes, whereas

slower levelling-off is seen in ND4L, COI, and COII. The influence of the base




compositions in the saturation levels is clear from the accumulation of observed
nucleotide differences in ND6. Being encoded on the opposite strand, the third codon
positions in ND6 is high in G and T contents (Table 3.1). Thus the synonymous
transitions (AGS and TCS) in ND6 show a clear contrast to the other genes in the level of
saturation. In this case, the content of C residues at the third codon positions is extremely
low (3.6% in average; Table 3.1). Consequently, the saturation level of TCS is lower

and attained rapidly than that of AGS3.

None of the protein genes show saturation in VS3. Since transversions are
infrequent, the number of VS§3 differences are small irrespective of being synonymous.
For example, the observed percent VS3 differences in the pairwise comparison involving
orangutan are only 2%. The stochastic fluctuation must therefore be large in some genes,

however, a relatively linear and similar level of accumulation is observed.

Nonsynonymous differences, against which selective constraints would be
stronger than against synonymous ones, also show no evidence of levelling-off among
hominoids. However, opposed to VS3 differences, the observed nucleotide differences
differ considerably among genes. Noteworthy are elevated changes observed in ATPase

& for the comparisons involving orangutan.

Nucleotide differences in the tRNA and rRNA genes

The differences in the tRNA and rRNA regions are examined in the categories of
TC, AG transitions and transversions. tRNA genes are grouped into tRNA(L) and
tRNA(H) as noted before. In both groups, the observed sequence differences do not
show any evidence of saturations up to the divergence of orangutan (Figure 5.3). The
differences in the 11 tRNA genes included in the 4.9 kb region (Bar A in Figure 2.1) did
not show any saturation effect up to the comparisons between siamang (Table 1 in Horai
et al. 1992). Similarly in both 125 tRNA and 16S rRNA coding regions, the observed

sequence differences do not show any evidence for saturations up to the divergence of

orangutan (Fig 5.3).
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Figure 5.2 Accumulation of nucleotide differences in each of 13 protein

genes.

Observed number of nucleotide differences for a pair of hominoid species is plotted
against estimated divergence times (Horai et al. 1992). For each gene, the nucleotide
differences are examined in the categories of synonymous TC transitions, AG transitions,
and transversions (V), and nonsynonymous differences (N). They were divided by the
size of each gene and converted into the number of differences per site. The pairs
compared from the left are: common chimpanzee (CC) - pygmy chimpanzee (PC) at 2.5

mya; human (H) - CCand H - PC at 4.7 mya; gorilla (G) - CC,G-PCand G-Hat 7.7

mya; and orangutan (O) - CC,O0-PC,O-Hand O- G at 13 mya.
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Figure 5.3 Accumulation of nucleotide differences in tRNA, 12S rRNA

and 168 rRNA genes.

Observed number of nucleotide differences for a pawr of species is plotted against
estimated divergence times (Horai et al. 1992). For each gene, the nucleotide differences
are examined in the categories of TC transitions, AG transitions, and transversions (V).

The pairs compared from the left are: human (H) - CC at 4.7 mya; gorilla (G) - CC and

G - Hat 7.7 mya; and orangutan (O} - CC, O -H and O - G at 13 mya.
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Figure 5.4 Accumulation of nucleotide differences in the major

noncoding region (D-loop).

Observed number of nucleotide differences for each pair of species is plotted against
estimated divergence times (Horai et al. 1992). Nucleotide differences are examined in
the categories of TC transitions, AG transitions, and transversions (V). The pairs

compared from the left are: human (H) - CC at 4.7 mya; gorilla (G} -CCand G-H at

7.7 mya; and orangutan (O) - CC, O -H and O - G at 13 mya.
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Nucleotide differences in the noncoding regions

The noncoding region is analyzed for two separate portions. One is an assembly
of small sequences dispersed between genes in the 4.9 kb region compared among six
hominoids (common chimpanzee, pygmy chimpanzee, human, gorilla, orangutan, and
siamang). Of the total 114 noncoding sites, there are 31 variable sites due to single
nucleotide changes (or 27%). Delenions and/or insertions occur at 32 sites, the frequency
being as high as 28 %. This implies that although single base substitutions in the
noncoding region are frequent, deletions and/or insertions are also much more common

than in any other regions.

The other portion is the major noncoding region (D-loop). This region was
compared among 5 species (common and pygmy chimpanzees, human, gorilla (Foran et
al. 1988), and orangutan (newly determined in this study)). Alignment of the orangutan
sequence with the other four hominoid sequences was done by hand, taking account of
the transition bias in the region (Horai and Hayasaka 1990), so as to minimize the number
of transversions in the sequence alignment. This region contains the Oy and promoters
for transcription (HSP, LSP). The region is also the target sites for numerous proteins
(eg. transcription and regulatory factors) and enzymes (eg. DNA and RNA polymerase).
On the other hand, being the only major noncoding region in the mtDNA, this region is
estimated to evolve three to five times faster than the remainder of the mtDNA (Aquadro
and Greenberg 1983; Cann et al. 1984; Horai and Hayasaka 1990). The D-loop region
is, therefore, subjected to various evolutionary pressures, and the occurrence of
nucleotide substitutions is significantly non-random (Horai and Hayasaka 1990). When
compared with human, gorilla and orangutan have large portions of deletions and are
much shorter than the other three species. Consequently, in the aligned 1147 sites, sites

shared by the five species only amount to 779 sites (68%). The shared sites are assembly

of the relatively conserved portion of the D-loop. Examination of the




nucleoude differences in such sites, however, indicates a considerable amount of multiple
hit substitutions (Figure 5.4). The proportion of transversion is higher than those in
tRNA, rRNA and protein regions. Nevertheless, the observed number of transversions

accumulate linear with time.
Conclusions

In this chapter, I have examined the nucleotide differences observed among the
closely related hominoid species. It revealed a remarkably biased mode of substitutions
in the mtDNAs, which is why the multiple hit substitutions can occur in a relatively short
period of time. One is that nucleotide substitutions occur at restricted sites. Between
human and chimpanzee, 70% of the observed differences are silent changes that occur
mostly in the small noncoding regions or third codon positions of protein genes. Second
is the strong preference to transitions. For example, out of 852 third codon positions that
differ between human and common chimpanzee, 93% account for transitions and 66% are
the TC transitions (in the L-strand). This indicates that a site C almost always change to a
T, and a T to C. Likewise, an A almost always change to G, and a G to A. A
consequence from this is the relatively constant C+T content observed among different
species (Table 3.1). Third is the biased base compositions. The base compositions of
hominoid mtDNAs are similar to one another, which suggest a stationary model of
substitutions in which C to T changes and T to C changes (or A to G, and G to A
changes) accumulate at similar rate. Therefore, when the base composition is biased,
substitutions involving the rare base ("G" in the case of the L-strand vertebrate mtDNA)
are more likely to make multiple hit substitutions. An extreme case is observed in
Drosophila mtDNA, where G+C content at the third codon positions is as low as 3.3%

{Satra and Takahata 1990).

Due to the biased mode of substitutions and the elevated rate of substitutions in

mtDNA, the saturation of nucleotide differences is observed even between human and

chimpanzee. Such differences are not accurate as a measure for molecular clock. In the
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case of hominoid mtDNA, all changes in the {RNA and rRNA regions can be used as
measures for molecular clock, whereas only ransversions in the noncoding regions, and
nonsynonymous changes and synonymous transversions in the protein coding regions

are considered to act as molecular clock.

The idea of using molecular clock for phylogenetic analyses rests on an
assumption that the rate of accumulation of nucleotide changes remains steady through
time. As I have shown here, majority of the differences in the mtDNA account for

multiple hit substitutions. When using mtDNA for phylogenetic analyses, it is therefore

essential to pick out sites that sufficiently act as a molecular clock.




CHAPTER SIX
HOMINOID PHYLOGENY
Resolution of trichotomy and the estimation of divergence times

The precise branching pattern (cladogram) and dating in hominoid diversification
have been the topics in the hominoid phylogeny (Goodman et al. 1983; Foran et al. 1988;
Djian and Green 1989; Gibbons 1990). To resolve the trichotomy problem, it is essential
to find a number of nucleotide substitutions that can be assigned to internodal branches in
the cladogram of hominoids (Saitou and Nei 1986). The longest DNA sequences
available from the nuclear genome (the ym-globin gene and its flanking region; 11,483
bp) assign about 8 1o 14 substitutions that can support the human-chimpanzee clade. The
number of substitutions are not large enough, and the likelihood is not significantly
higher than that of the human-gorilla or chimpanzee-gorilla clade (Goodman et al. 1989).
Recently, comparison of common region of 4,938 bp length for pygmy and common
chimpanzees, gorilla, orangutan and siamang (This region 1s shown by hatched bars in
Fig 2.1.) gave a reliable answer to the problem (Horai et al. 1992). The sequence
differences clearly indicated that the closest relatives to human are chimpanzees rather
than gorilla. With relatively small numbers of nucleotide differences, the same
conclusion was drawn by the CO{/ gene (Ruvolo et al. 1991), DNA-DNA hybridization
(Sibley and Ahlquist 1984; Sibley et al. 1990; Caccone and Powell 1989), the yn-
(Koop et al. 1986; Miyamoto et al. 1987) and ¢-globin genes (Koop et al. 1989), the
ribosomal RNA gene (Gonzalez et al. 1990), and the immunoglobulin-g pseudogene

(Ueda et al. 1989).

By using only unsaturated parts of sequence differences in which the mtDNA

genealogy 18 not obscured by multiple substitutions, the divergence times of gorilla (Tg),

human (Th), and between common and pygmy chimpanzees (T¢) are estimated to be: Ty
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= 7.7 + 0.7 million years ago (mya), Th = 4.7 £ 0.5 mya and T¢ = 2.5 £ 0.5 mya (Horai
e1al. 1992). The Ty is similar to the estimates from DNA-DNA hybridization (Sibley and
Ahlquist 1984; Sibley et al. 1990; Caccone and Powell 1989), the ym-glcbin genes
(Goodman et al. 1990; Koop et al. 1986; Miyamoto et al. 1987), and the ribosomal RNA
gene (Gonzalez et al. 1990), while the Ty, is similar to the estimates from the ribosomal
RNA gene (Gonzalez et al. 1990) and immunoglobulin-g pseudogene (Ueda et al. 1989),
The maximum likelihood estimates based on the 896 bp mtDNA (Brown et al. 1982) are
much shorter, Tg = 5.1 mya and Th = 3.9 mya (Hasegawa and Kishino 1991), which is
probably due to the relatively small region compared. The difference from the estimate in
COII gene (Ruvolo et al. 1991) is due to their assumption of Th at 6 mya, and to their

data set which was largely based on the synonymous differences.

Here in this section, I will use only the unsaturated sites from the complete
mtDNA sequences of four hominoids (human, common chimpanzee, gorilla and
orangutan). From these sites, ] will estimate the genetic distances among the four species
and construct a phylogenetic tree. The proportion of the branch lengths of this tree will
be compared with those obtained from the analyses of 4.9 kb region. The rooting of the
orangutan branch will be particularly important because orangutan lineage showed an
increased mutation rate (Horai et al. 1992). Since the new data set does not include a
proper out-group to root the orangutan branch in a phylogenetic tree, the root of
orangutan was deduced in proportion to the orangutan branch in the phylogenetic tree

obtained from the 4.9 kb region.
Phylogenetic analysis of the whole mitochondrial genome

To obtain a general view of the hominoid mitochondrial genome, I began by
analyzing the observed differences of the whole mtDNA region, ignoring possible
heterogeneous substitution rates along DNA sequences. Table 6.1 summarizes the

observed number of differences in the pairwise comparisons of the 4 hominoid mtDNAs.

Among the 16,209 shared sites for all the four species, differences between human and
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Table 6.1 Nucleotide differences in the pairwise comparisons of 4
hominoid mtDNAs

Pairs Number of differences Transitions
Total TC AG CA TA CG TG (%)
H-C 1388 (8.6) 864 406 52 41 17 8 91.5

H-G 1707 (10.5) 1040 447 102 74 28 16 87.1
C-G 1683 (10.4) 1010 451 104 79 19 20 86.8

H-O 2349 (14.5) 1240 588 271 157 60 33 77.8
C-O 2394 (14.8) 1284 587 282 168 42 31 78.2
G-O 2428 (15.0) 1294 591 272 182 55 34 77.6

A total of 16,209 shared sites were compared among the 4 hominoid mtDNAs.
The numbers in the parenthesis indicate the number of differences per 100 sites.
Abbreviations: H (human), C (common chimpanzee), G (gorilla), and O

(orangutan). TC indicates the differences between bases T and C in the L-strand.
Likewise, AG, CT, CA, TA, CG and TG indicate the differences between the two
respective bases in the L-strand. :
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Figure 6.1 Phylogenetic tree of 4 hominoid mtDNAs.

A phylogenetic tree was constructed by the neighbour joining method (Saitou and Nei
1987) using only the unsaturated differences observed in the whole mitochondrial
genome. Included in the total number of 12,137 sites examined are 22 tRNAs, 128
rRNA, 16S TRNA, synonymous transversions and nonsynonymous sites of 13 protein

genes. The numbers designated along the branches are the estimated number of

differences for each branch. The nodes of the tree are numbered as (1) and (2).




NJ tree 12137 bp

(nonsynonymous + synonymous transversions + rRNAs + tRNAs)
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chimpanzee was observed at 1,388 sites, which is 8.6% of the compared sites. In the
human-gorilla and chimpanzee-gorilla pairs, differences were observed at 10.4% and
10.5% of the compared sites. The number of differences are larger than the human-
chimpanzee pair by 319 and 295 sites, respectively. The differences between orangutan
and the other three species are as high as 15% of the compared sites. As a whole, the
observed sequence differences undoubtedly support the human-chimpanzee clade,
provided that the mtDNA genealogy is topologically identical to the hominoid species

ree.

There is a strong bias in the type of substitutions. In the L-strand, the differences
in TC transitions constitutes 62% of the differences in the human-chimpanzee pair.
Together with AG transitions, differences due to transitions become as high as 92%. The
proportion of transitions in the observed differences decrease as the divergence time of a
pair increases. Namely, the percent of transitions for the pairs involving orangutan is
78%. As noted in Chapter five, this can be explained by the saturation of the transitional
changes due to multiple hit substitutions opposed to the linear accumulation of
transversional changes. Within the transversions, differences between C and A is largest
and differences between T and G are smallest. This 1s explained by the biased base
composition of the L-strand. The relatively small differences for the changes involving G

1s due 1o the low G content in the L-strand.

There are a number of statistical studies for correcting multiple-hit substitutions
(Kimura 1983; Nei 1987). For long sequences which include many different genes,
however, another complication might occur due to gene-specific evolutionary rates and/or
to extensive multiple-hit substitutions in some regions. To avoid these problems and
obtain a reliable dating for diversification, I restricted an analysis to relatively conserved

regions where one can follow the evolutionary process quite accurately {(discussed in

Chapter five). For this reason, AGS3, TCS3 and TCS differences were excluded.




Table 6.2 Branch length in a phylogenetic tree of 4 hominoids.
(b) Estimated branch length based on the tree in Figure
6.1. (a) The previous observation of Horai et al. (1992).

(bp) (H, 1) (G, 1) (1,2) (G, 2) (0O, 2)

a) 4270 0.0102 0.0093 0.0077 0.0176 0.0563
+0.00154  +0.00147  £0.00134  +0.00203 +0.00363

(0.58) (0.53) (0.44) (1 (2.83)
by 12137 0.0175 0.0169 0.0061 0.0257 0.0728
+0.00120  £0.00118  #0.00071  +0.00146  +0.00245
(0.68) (0.66) (0.24) (1) (3.21)

The numbers given for each branch represent the number of nucleotide differences per
site 1 standard error. The numbers in the parentheses indicate the branch length

relative to the length of gorilla branch.
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A phylogenetic tree was constructed by the neighbour joining (NJ) method (Saitou
and Nei 1987) (Fig 6.1). Among the 12,137 sites compared, a large number of
differences (74.4 sites) was assigned to the internal branch leading to human-chimpanzee
clade after the divergence of gorilla. Table 6.2 summarizes the length and the size of
sampling errors for each branch. Each branch length of the two trees were compared
with respect to its proportion to the gorilla branch. The overall feature of the new tree
confirms the branch lengths obtained from the previous analysis of 4.9 kb region. For
the internal branch leading to human-chimpanzee clade, the amount of one standard error
becames as small as 1/9 the length of the branch. The new data set, however, estimates
smaller size of internodal branch relative to the branch of human and chimpanzee. If
assuming the length of gorilla branch be 7.7 million years, the branch lengths of human
and chimpanzee becomes 5.2 and 5.1 + 0.2 million years, respectively. This agrees with
the divergence time of human and chimpanzee at 4.7 = 0.5 mya, estimated from the 4.9
kb region (Horai et al. 1992). In the analysis of 4.9 kb region, the root of phylogenetic
tree was determined using siamang as an out group species. It was approximately at 1/5
of the orangutan branch (Data 3; 54.9/260.4). When assuming the same proportion to
root the phylogenetic tree in Fig. 6.1, and assuming the divergence time of orangutan at
13 mya, the divergence times of gorilla, and chimpanzee-human are calculated at about
7.9 £ 0.3 mya and 5.8 £ (.2 mya, respectively. These values are also similar to the

previous estimates from the 4.9 kb region.

Conclusion

The comparison of the whole mitochondrial genome from four hominoid species
confirms the previous study of 4.9 kb region, which suggested that gorilla diverged about
7.7 mya, and chimpanzee and human at about 4.7 mya, assuming the divergence time of
orangutan at 13 mya. It should be noted, however, that a gene genealogy (gene tree)

based on the molecular clock does not necessarily agree with a species relatedness

(species tree), because of the possibilities of ancestral polymorphisms (Ne1 1987). The




time difference between gorilla and chimpanzee divergences being as long as 3 million
years corresponds to approximately 200,000 generations. If the ancestral population size
is the same order of magnitude as the present human population size (10%), the effect of
discordance between gene tree and species tree 1s small (Takahata 1989, Horai et al.

1992). As far as the mitochondnal gene tree is concerned, I would like to conclude that

chimpanzees are the closest relatives to human.
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CHAPTER SEVEN

CONSIDERATION OF THE CORRECTION METHODS

In the phylogenetic analysis, I have excluded the AGS3, TCS3 and TCSq
differences and used the unsaturated observed differences. However, correction of
multiple hit substitutions are necessary for the synonymous substitutions when shorter
regions are compared. In this section, I will discuss about the substitution model for the
mtDNA. The purpose for this is to find the best way to estimate the synonymous rate for
each gene. For the following reasons, 1 will use the four DNA sequences from common
and pygmy chimpanzees, human and gorilla corresponding to the 4.9 kb region (shown
by hatched bar in Fig. 2.1): For synonymous transitions, it is important to compare
between the closest pairs (i.e. between the two chimpanzee pairs) where saturation effect
is not obvious. Without this, it would be difficult to estimate the right substitution model,
as suggested from the accumulation of nucleotide differences in Figure 5.2. The
orangutan mtDNA 1is too distantly related from that of chimpanzees and human; about
346, of the third codon positions differ among these species, which is close to the
saturation level. Therefore, including the orangutan mtDNA in the following analysis
gives tise to a difficult and commonly recognized problem in estimating accurate
nucleotide substitution rates. The gorilla mtDNA also differs substantially from the
human and chimpanzee mtDNAs. However, if 1 exclude it from the analysis, the
sampling errors become too large. Actually, the observed differences at the third codon
positions are about 27%, which seems not too extensive 10 make reasonable multiple hit
corrections. | exclude the ND/I because it represents only a small portion (14.4%) of the

entire gene and is subjected to large sampling errors. This study is based on the analysis

of the remaining 3 protein genes; ND2, COI, COl, ATPase &, and ATPase 6.




Nucleotide substitutions in a stationary Markov model

There is a substantial heterogeneity from gene to gene in terms of the base
compositions at the third codon positions (Table 3.1). Together with extremely high
transition rates, this heterogeneity suggests that the dynamics of the nucleotide
substitution process at the third codon positions or at the synonymous sites may be
different from gene to gene. As discussed previously, it is also important to realize that,

because of these biases, the saturation level can differ among genes.

None of the nucleotide substitution models proposed thus far are particularly good
at describing empirical mtDNA data (Fitch 1986). The method by Jukes and Cantor
(1969) is inappropriate, because it assumes an equal transition-transversion probability
and equal frequency among the four nucleotides. For the same reason, Kimura's two-
parameter method (1980) may be unsuited, because it ultimately leads to the equal
frequency of the four bases despite the assumed different rates between transitions and
transversions. Models that consider both different transition-transversion rates and base
compositional biases must be used, and some such are developed by Felsenstein (1981),
Kimura (1981), Takahata and Kimura (1981), Lanave et al. (1984) and Hasegawa et al.
(1985). Under some of these models satisfying reversibility, biased base compositions in
a sequence can be kept constant through the nucleotide substitution process. For
stmplicity, | used the model of Hasegawa et al. (1985) in which the probability of base i
to be replaced by base j is defined by the product of stationary base composition (%, j =
A, G, C, or T) and the relative transition (o) or transversion rate () (For details of the
model, see Appendix I). The parameters o and [ affect the initial increase of nucleotide
differences and the time required to reach the saturation level (A and B in Figure 7.1). On
the other hand, the equilibrium frequencies T are reiated to the ultimate saturation level,

which is given by 2(mamng+ncnT) for transitions and 2(ma+7g)(nc+nT) for

transversions (B and C in Figure 7.1).
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Figure 7.1 The effect of base compositions and transition rates in the

nucleotide substitutions.

The effect of mj, & and B on the saturation level, in which 1/ is the frequency of base j (j
=A, T, G, or C), o and P are relative transition and transversion rates, was examined by

a simulation study using a stationary Markov model. The substitution matrix for base i to

be replaced by base j 15 defined as follows (Hasegawa et al. 1985):

J T C A G
NS
T 1-(ore+pra+Brg) onc Bra Brg
C oy 1—(awT+Bra+pnG) Bra Brg
A prr Brc 1—{anG+prr+pnc) ang
G prr Brc ams 1-(omp+BrT+BrC)

The values of parameters used are: a=B=1, nT=rc=rA=n1G=0.25 for A), a=1, B=1/17,
nr=nc=na=nG=0.25 for B) and a=1, B=1/17, n1=0.15, nc=0.34, ns=0.47,
nG=0.04 for C). An ancestral sequence of 1 kb is assumed to have a specified base
composition in A), B) or C). According to each matrix, we generated a uniform random
number U for each nucleotide site. If U is smaller than a specified probability in the
matrix, the site is changed. This process is repeated over the entire sequence and stored
for the next round of substitutions. The observed number of differences is counted at
given numbers of the total substitutions. For each parameter set, we repeated 1000 times,
and computed the average and standard deviation. For the transitions (Ts), the
transversions (Tv) and the total changes, the observed number of differences were plotted
against the actual number of total substitutions. Graph A) and B) show that the ultimate

saturation level is the same even for different values of o and 3, as theoretically expected.

Graph B) and C) show that the saturation leve] of the observed differences changes by the

base compositions.
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Simulation of nucleotide substitutions in mtDNA

Since most substitutions at the third codon positions are presumably neutral, the
base compositions and the transition-transversion rates should reflect the actual mutation
process in each gene. For a given gene, the base compositions at the third codon
positions are rather similar among chimpanzees, human and gorilla. Importantly,
however, there exists a strong bias towards A and C. TG content is extremely low, and
the extent of which differs between genes (Table 3.1, Table 7.1). To see the effects of
such compositional biases on the nucleotide substitutions, 1 carried out simulation
analysis (Fig 7.2). For each gene, I used the observed base compositions at the third
codon positions as equilibrium frequency (%, j = A, T, G, or C), but assumed the same
rate, irrespective of genes, for transitions and transversions (o=1, B=1/17). The
empirical relative values of o=1 and B=1/17 were deduced from the average rate of
nucleotide differences among human and chimpanzees. They are also close to the values
which were already suggested by many studies (Brown et al. 1982, Hixson and Brown

1986, Hayasaka et al. 1988, Foran et al. 1988, Horai and Hayasaka 1990).

The plot of the observed number of differences per site against actual number of
substitutions were made for 3 categories, TC transitions, AG transitions and
transversions. The mode of accumulation obtained from the simulation analysis (Figure
7.2) resembles that of the observed differences (Figure 5.2): The saturation level of TC_
and AG transitions differ. Transversions accumulate linearly with the actual number of
substitutions (or time). Importantly, even a small change (< 5%) in the lower base
compositions results in a substantial change in the transition differences. For example,
genes with lower T content show much lower levels of the CT transition differences, and
genes with lower G content show much lower levels of the AG transition differences

(Table 7.1, Figure 7.2). This suggests that variation in the base compositions can be an

important factor for determining the synonymous differences. Consequently,




Table 7.1 Base compositions at the third codon positions and

noncoding region

Genes ND2 COl  COIl ATPase 8 ATPase 6 Noncoding

Number of 347 513 227 53 150 50
SItes

A (%) 38 36 35 47 39 30
C (%) 42 40 40 34 36 39
T (%) 16 19 20 15 20 23
G (%) 4 5 5 4 5 8
TG (%) 20 24 25 19 25 31

Base compositions shown above are the average of common chimpanzee, pygmy

chimpanzee, human and gorilia.
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Figure 7.2 Simulation of nucleotide substitutions for each gene.

The relationship between the actual number of substitutions and the observed number of
differences were examined. The values of nj (j = A, T, G, or C) are set using the
observed base compositions in each gene (Table 7.1) and the relative transition and
transversion rates are set as o=1 and B=1/17, respectively (see the legend of Figure 7.1
for details). Graph A) is for TC transitions, B) for AG transitions, and C) for
transversions. The actual length of the abscissa in A), B) and C) indicates the same

length of time. Note that there is a large difference in the saturation level between TC and

AG mransitions because of lower AG contents.
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synonymous substitutions may be inaccurately estimated if we ignore biased transition

rates and base compositions.
Estimation of synonymous sites

To deal with the synonymous and nonsynonymous substitutions, one must first
determine the numbers of such sites per gene. A usual method for counting the number
of synonymous sites per gene assumes equal substitution rates among four nucleotides
(e.g. Nei and Gojobori 1986) so that the number of synonymous sites for a two-fold
degenerate site is assigned to 1/3. However, this assignment is not valid when transition
rates are much faster than wansversion rates as in primate mtDNAs. Because there is only
a small probability for transversions that result in nonsynonymous changes, the number
of synonymous sites for a two-fold degenerate site should be closer to 1 than to 1/3.
Clearly, this increases the number of synonymous sites and decreases that of
nonsynonymous sites per gene compared to those expected under Jukes and Cantor's

model.

I have compared the number of synonymous and nonsynonymous sites that are
estimated in two different ways (Table 7.2). Values for Sng and Nng rely on the
assumption that all four nucleotides can mutate equally likely (Nei and Gojobori 1986).‘
The values § and N are estimated by a mode! that reflects biased substitutions (Hasegawa
et al. 1985; For details of the method, see Appendix I). Empirical relative values of
transition (o=1) and transversion (B=1/17), and different base frequencies (rj, j = A, T,
G, or C) at the third codon positions of each gene were taken into account in the
estimation. As the result, the values in § became larger than Sang by 133-144%, and the
values in N became smaller than Nng by 86-90%.

In order to study quantitatively different ways of counting synonymous sites

(nonsynonymous sites = the total number of sites — synonymous site), I compared the

correlation of the synonymous and nonsynonymous differences per site. The total




Table 7.2  Estimated number of synonymous and nonsynonymous sites

Genes A Sng N Nng

ND1 323.1 2429 630.9 711.1
ND2 341.7 257.4 699.3 783.6
COI 507.0 368.0 10320 1171.0
COIl 224.5 160.7 456.5 520.3
ATPS 50.0 37.0 109.0 122.0
ATP6 220.2 160.7 409.8 469.3
ConI 257.6 179.3 5254 603.6
ND3 119.5 83.0 225.5 262.0
ND4L 101.7 74.8 186.3 2132
ND4 456.7 338.1 9143 10329
ND5 592.1 434.1 12199 13779
ND6 160.8 122.1 364.2 402.9
Cytb 369.4 272.6 770.6 867.5

Synonymous (§) and nonsynonymous (N) sites were estimated
from base contents and transition to transversion ratio of 17 to 1.

Sng and Nng are synonymous and nonsynonymous sites estimated

by the Nei and Gojobori's method.
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Figure 7.3 Relationship of synonymous and nonsynonymous changes.

The relationship of observed synonymous and nonsynonymous differences (A) and
inferred synonymous and nonsynonymous substitutions (B) are shown. The inferred
number of synonymous and nonsynonymous sites is calculated by Jukes and Cantor's
model which assume equal probability for all nucleotide substitutions (indicated by a solid
circle), and by the Hasegawa et al's. model which consider both biases in base
composition and transition rate (indicated by the open circle) (see Appendix I). The
number of differences for each gene was estimated from the total branch length of a tree
of common chimpanzee, pygmy chimpanzee, human and gorilla obtained by the ordinary
least squares (see Appendix I). In A), the number of observed synonymous and
nonsynonymous differences in each gene is calculated using the observed number of
pairwise differences. For the solid circle in B), the number of synonymous and
nonsynonymous substitutions is estimated based on Kimura's two parameter model
(Kimura 1980), and it was converted into the per-site number of changes using the
number of sites inferred from the Jukes and Cantor's model. This is an example of
inconsistent use of different substitution models in computing the number of synonymous
sites and correcting multiple hit substitutions. For the open circle in B), the number of
synonymous and nonsynonymous substitutions is estimated based on Figure 7.2 (see

Appendix I), and used the number of sites inferred from the same Hasegawa et al's.

model.
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number of synonymous and nonsynonymous differences in a tree of four species
(common and pygmy chimpanzee, human and gorilla) were estimated by the least squares
method. The total number of synonymous and nonsynonymous differences were divided
respectively by the number of synonymous (S and Sng) and nonsynonymous (N and
Nng) sites estimated in Table 7.2. Table 7.2 shows that the number of synonymous sites
are underestimated, whereas that of nonsynonymous sites are overestimated under Jukes
and Cantor's model. The plot of nonsynonymous differences per site against
synonymous differences per site is shown in Figure 7.3A. The distribution of the plots
shows that the nucleotide differences per synonymous site are overestimated by 20% and
those per nonsynonymous site are underestimated. Consequently, the relationship
between the synonymous and nonsynonymous differences based on Jukes and Cantor's
model (indicated by a solid circle) shows a stronger negative correlation than that based

on Hasegawa et al's. model (indicated by an open circle).

Multiple hit corrections

In order to evaluate the accuracy of correction methods, I applied Kimura's two-
parameter model (Kimura 1980) and Hasegawa et al.'s model to the synonymous
differences (Figure 7.3B). Correction with Kimura's two-parameter model (indicated by
a solid circle in Figure 7.3B) considerably inflated the inferred number of synonymous
substitutions, and the negative correlation becomes even stronger than that in Figure
7.3A. On the other hand, the correction based on Hasegawa et al.'s model (see Figure
7.2 and Appendix) gives similar estimates of the synonymous substitutions for all the
genes (indicated by an open circle in Figure 7.3B). As mentioned, the latter estimates
depend on ¢ and B. In case of ATPase 8§ which shows the lowest saturation level in
Figure 7.2, the estimate of synonymous substitutions is substantially influenced by the
ratio of transitions to transversions. The relative values of o and [ were estimated from

the observed numbers of transitions and transversions in the comparisons among

common chimpanzee, pygmy chimapnzee, and human. They turned out to be o=1 and

B=1/17, which are very close to the maximum likelihood estimates obtained by the




DNAML in PHYLIP (Felsenstein 1990). It is reasonable to expect that the genes on the
mtDNA genome have more or less the same mutation rate and therefore similar levels of

synonymous substitutions.
Conclusions

The simulation studies showed that the biased transition rates and base
compositions can be important factors for determining the synonymous differences, and
estimating the number of synonymous sites in mtDNA. Whether or not these factors are
considered in the model makes a great difference in the esnmates. We therefore need to
be cautious in choosing the nucleotide substitution model for analysis. In general, the
number of synonymous sites per two-fold degenerate sites must be determined at least in
terms of o, B and w; = A, T, G or C). Iclaim that the number of synonymous sites
must be counted consistently with the model of nucleotide substitutions actually used for
multiple hit corrections. For example, Nei and Gojobori's method should be used with
the Jukes and Cantor's substitution model. When the number of differences is large, and
when the substitutions are highly biased as in the case of mammalian mitDNA, an
inconsistent use In substitution models may give substantially overestimated or
underestimated values. This caution may be applied to many other methods for correcting

multiple hit substitutions (e.g. Brown et al. 1982; Li et al. 1985).

I have used a stationary Markov model to simulate the nucleotide substitutions in
the mtDNA. Although the model may still be far from reality, the mode of accumulation
of nucleotide differences obtained by the model resembles that of the observed differences

fairly well. Correction of multiple substitutions by the model suggests that genes on the

mtDNA genome have more or less the same mutation rate.
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CHAPTER EIGHT
ESTIMATION OF SUBSTITUTION RATES
Substitution rates of protein genes

It is obvious from my analysis that the number of synonymous substitutions per
site (distances) is fairly uniform over the genes. This supports the assumption of equal
synonymous rates for all mitochondrial genes. 1took account the weighted average of the
synonymous substitutions over the genes when compared between gorilla and the
remaining three species; common chimpahzce, pygmy chimpanzee and human (Appendix
I). With the divergence time of gorilla at 7.7 mya which was estimated by Horai et al.
(1992), the synonymous rate for the hominoid mtDNA becomes 2.37+0.11 x 10-8 per
site per year (Table 8.1). This rate is 5 to 10 times faster than that of nuclear DNAs
(Brown et al. 1982) or even faster (20 times) if the synonymous substitution rate for

nuclear genes is 1.2 x 109 (Sarta et al. 1991).

For the nonsynonymous rate, any multiple hit correction 1s practically unnecessary
among the four species. The rate of nonsynonymous substitutions for each gene is
estimated from the average of the nonsynonymous differences between gorilla and the
remaining two to three species; common chimpanzee and human, or common
chimpanzee, pygmy chimpanzee and human (Table 8.1, Appendix I). The
nonsynonymous substitution rate per site per year ranges from 0.7 x 10-% for COI 10 5.7
x 10-9 for ATPase 8, which is at least 5 times lower than that of the synonymous change.

The degree of functional constraints (measured by the ratio of the nonsynonymous to the

synonymous substitution rate} being 0.03 and 0.24, respectively.
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Table 8.1 Rate of nucleotide substitutions

Regions (x 109 fsite/year)
SYRonymous 237+ 1.10
noncoding 26.8+5.90
NONSynonymous
ND1 2.1+048
ND2 2.4 +0.49
COlL 0.7+ 0.23
con 0.9 +0.37
ATPase 8 5.7+1.93
ATPase 6 3.6+0.79
Com 1.4 +0.43
ND3 25+0.90
ND4L 1.2 £ 0.66
ND4 2.3+043
ND5 4.0 £ 0.49
ND6 1.7 £ 0.57
Cytb 3.0+ 053
128 rRNA 4.110.56
168 rRNA 6.9 + 0.56
22 tRNAs 5.6+ 051

The rate was estimated from the average changes of gorilla-
chimpanzees and gorilla-human pairs, assuming the divergence of

gorilla at 7.7 million years ago.




Substitution rates of tRNA and rRNA genes

As mentioned before, the orangutan tRNAs have many anomalous features (Horai
et al. 1992). I therefore used the average tRNA differences between gorilla and common
chimpanzee, and gorilla and human to calibrate the substitution rate. Assuming the
divergence time of gorilla at 7.7 mya, the average transition and transversion rate over the
22 tRNA genes are estimated at 5.2 x 10-% and 0.5 x 10-9 per site per year, respectively.
The ratio of the transition to transversion rate 1s approximately 11. The overall rate (the
sum of the transition and transversion rates) becomes 5.6 x 10-9 per site per year. This
rate is about two thirds of the previous estimate (8.5 x 10-? per site per year) for
IRNAHIs [RNASer(AGY) and tRNALeu(CUN} (Brown et al. 1982). Nevertheless, it is
true that tRNAs in mtDNA have evolved much faster than those in nuclear DNA, partly
because of higher mutation rates and less selective constraints against mitochondrial

tRNAs.

The substitution rates for 125 rRNA and /65 rRNA genes are estimated in a
similar way as the tRNA coding regions, assuming the divergence time of gorilla at 7.7
mya. The transition and transversion rate for /25 7RNA are 3.6 x 10 and 0.5 x 10-9 per
site per year, respectively. The rates for 16S rRNA are a little higher, and are 6.0 x 109
and 1.0 x 109 per site per year, for transitions and transversions, respectively. The
ratios of the transition to transversion rate for the 125 rRNA and 165 rRNA are 6.9 and
6.2, respectively. The overall rates for 725 rRNA and 165 rRNA become 4.1 x 10-% and

6.9 x 109 per site per year, respectively
Substitution rates in the noncoding region

In Chapter four, I separated the noncoding region in two parts. One was the

major noncoding region that is usually called D-loop. Although a noncoding region, D-

loop contains the main regulatory elements concerning replication and transcription,




which are expected to be not so much variant among closely related species. However,
the observation of the pairwise differences in the shared sites for five species suggested
an extreme amount of multiple hit substitutions (Figure 5.4). The rate in this region is,

therefore, difficult to estimate even between the two chimpanzees.

Another group of the noncoding region is an assembly of the remaining
noncoding regions, which are scattered between the coding regions. Excluding the
extremely conserved region (Og; 32 bp), the substitution rate in such noncoding region

was estimated (50 sites).

The base composition in the noncoding portions of the L-strand mtDNA is biased
in much the same way as in the third codon positions (Table 7.1). Moreover, the ratio of
the observed transversion to transition differences is 1/12=0.08 between gorilla and
chimpanzees and 1/15=0.067 between gorilla and human. Thus, in terms of the actual
number of substitutions the ratio becomes closer to 1/17=0.06. Using the actual base
contents in the noncoding region and the relative transition (x=1) and transversion rate
(B=1/17), I carried out a simulation study to make corrections for multiple hit
substitutions (Figure 7.2). The estimated substitution rate is 2.68+0.59 x 10-8 per site
per year. Although the sampling error is large due to the short length of DNA sequence,
the rate is very similar to the average rate of synonymous substitutions. This supports

our contention that the mutation rate in mtDNA is uniform over the genome.
Conclusions

In respect of the rates of synonymous and nonsynonymous substitutions, Miyata
et al. (1980) examined various eucaryotic genes and concluded that while the rate of
nonsynonymous substitutions differ among genes, the rate of synonymous substitution is
more or less the same for all genes. However, subsequent analyses suggested that the
rate not only at synonymous sites but also in noncoding regions varies considerably in

different parts of the genome (Koop et al. 1986, 1989; Li and Tanimura 1987; Lietal.

1987; Maeda et al. 1988; Kawamura et al. 1991). Also suggested was a positive
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correlation between synonymous and nonsynonymous substitution rates, although the
correlation coefficient is only 0.51 (Graur 1985). It was then claimed that variation in the
silent evolutionary rate can be accounted for by the differences in GC contents and that
the highest rate should occur when the GC content is around 50% (Wolfe et al. 1989,
Bulmer et al. 1991). However, the estimates of silent substitution rates are greatly
influenced by base compositions (Figure 7.2), and this is particularly so when observed
nucleotide differences are close to saturation levels. My conclusion is that silent
substitution rates must be examined more carefully so as to avoid artifacts owing to

failures of constructing a real.stic model of nucleotide substitutions.

Taking into account the transition bias, base composition bias, and different levels
of saturation in TC and AG transitions, I have estimated the rate of substitution. Most
significantly, the silent rates — the rate of synonymous substitutions and substitutions in
the noncoding region — are very similar, which is about 2.37 x 108 per site per year.
The ratio of ransitions to transversions in the silent changes are also similar at 17. The
nonsynonymous rate and the substitutions in the tRNA and rRNA genes are similar, and
are one order lower than that of the silent rate. This indicate a relaxed mode of evolution
of the tRNA and rRNA genes in mtDNA compared to those of nuclear DNA. The above
observations suggest that mutations themselves occur more or less with the same rate and

bias, except for the hypervariable region localized in the D-loop (Horai and Hayasaka

1990:; Kocher and Wilson 1991},




CHAPTER NINE
CONCLUSION AND PROSPECTS

One major characteristic of the vertebrate mtDNA 1is that it possesses transition and
base composition biases throughout the genome. Although not directly proven, biased
mutation pressure seems to be a cause for these biases. Such mutation pressure, by
affecting the mode of nucleotide substitutions, influences the amino acid usages of protein
genes. Further comparative analyses using a variety of mtDNAs are necessary to reveal
the mechanism of the biased mutation pressure. Another characteristic is frequent
occurrences of insertions and deletions, which are largely responsible for the evolution in
the noncoding regions. Comparison of various mtDNAs may lead to precise
identification of sequences involved in insertion and deletion events, thereby providing
substrates for proteins that catalyze these events. Also, with more information about the
enzymology of mtDNA replication and transcription, we will be able to understand the

evolution and molecular biology of mtDNA more deeply.

Mitochondrial proteins construct only a small part of the subunits in the
respiratory complexes and the majority of the proteins required for the mitochondrial
function are encoded in nuclear DNA. Thus, mitochondrial gene products, whether
protein or RNA, must interact with those imported from cytoplasms. The way of
assembly and the cooperative function of mitochondrial and nuclear subunits in each
respiratory complexes need to be understood. The evolution of nuclear coded
counterparts also needs to be examined. It is still far from clear how the mitochondrial

and nuclear genomes have achieved their coordination in the evolutionary process.

The high rate of synonymous transitions and extreme biases in the base

compositions in mtDNA raise serious problems in inferring the actual number of

nucleotide substitutions. In comparison among hominoid mtDNASs, synonymous
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differences are saturated even between the human and chimpanzee pair (diverged around
five mya). Too extensive multiple hit substitutions make it impossible to infer the actual
number of substitutions from the observed number of nucleotide differences. At present,
it seems inevitable to select appropriate nucleotide sites that have experienced theoretically
tractable numbers of substitutions. For this purpose, tRNA genes and 128 rRNA genes
may be appropriate. With additional data from other primates, the effective range of the

mtDNA clock can be examined.

In the present study, the hominoid miDNA phylogeny is determined by using only
unsaturated nucleonde differences. The analysis strengthened the pattern and dating in
hominoid diversification inferred from the previous analysis of 4.9 kb region in six
hominoid species (among African apes, gorilla diverged first about 7.7 million years ago

and then chimpanzee and human became distinct about 4.7 million years ago).

Taking in account the transition bias, base composition bias, different levels of
substitutions, and assuming that gorilla diverged 7.7 mya, [ have estimated the rate of
various protein coding genes, tRNA genes, rRNA genes and noncoding regions. Most
significant 1s the finding that the silent substitution rate is rather uniform over the primate
mitochondrizl genome and that the ratio of transversions to transitions is independent of
regions. These strongly suggest that mutations themselves occur more or less with the
same rate and bias, except for the hypervariable region localized in the D-loop (Horai and
Hayasaka 1990; Kocher and Wilson 1991), and that the mutation rate in the mtDNA is
about 20 times higher and much more biased than in the nuclear genome. The D-loop
region showed species-specific divergences, and 1t 1s difficult to estimate the rate of
substitutions in the same way as other coding regions. Since the D-loop region has been
used as a powerful tool to address evolutionary problems within species, a further study
should be conducted so as to give a reliable estimate of mutation rate in the D-loop region.

The rate will be very useful for studying the evolution of modern humans during the last

200,000 years.
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APPENDIX I
CALCULATIONS

Some traditional models of nucleotide substitutions (e.g., Nei and Gojobori 1986)
rely on the assumption that all four nucleotides are equally likely to mutate. However,
since this does not hold for the primate mtDNA, we need to use a different method that
can reflect biased substitutions. The model I use distinguishes transition (o) and
transversion (B} and takes into account different base frequencies (1), j= A, T, G, or C)
at equilibrium. I use empirical relative values of =1 and B=1/17. These are close to
values suggested by many studies (Brown et al. 1982; Hixson and Brown 1986,
Hayasaka et al. 1988; Foran et al. 1988; Horai and Hayasaka 1990). The probability that

base i is replaced by base j (Py;) is defined by

angG oA
Pag= ., Pga= >
onG+prc+BrT ora+Bne+PrT
ot ot
Pcr= I , Prc= < . etc.
anT+pra+Brg anc+Pra+PRG

The number of synonymous sites (s) at the third position of a two-fold degenerate
codon is counted as follows: For codons TTC, TAC, CAC, AAC, GAC, TGC, ATC,
and AGC, s =PcT; for TTT, TAT, CAT, AAT, GAT, TGT, ATT, and AGT, s=P1c;
for CAA, AAA, GAA, ATA, and TGA, s =Pag; and for codons CAG, AAG, GAG,
ATG, TGG), s =Pga. For leucine codons; s=Prc+Pag for TTA, Prc+Pga for TTG,
and Ppc+1 for CTA and CTG. The third positions in the four-fold degenerate sites are

s=1. The number of nonsynonymous sites (n) for a given codon is n=3 - 5.

In the above, I note that under Jukes and Cantor, a=f and m=1/4 for all j so that

P=1/3 for a twofold-degenerate synonymous site. Under Kimura's two-parameter

model, however, a=p but m;=1/4, so P=0/(c+2f) for a twofold-degenerate site.
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The extents of the differences by TC transitions, AG transitions, and
rransversions differ from each other and approach different saturation levels. It 1s
therefore necessary to treat them separately. For a given pair of genes from two out of
four species, I first compute the total numbers of TC transitions, AG transitions and
transversions at the synonymous sites and divide each of them by the total number of

synonymous sites (S=3Y 5) to obtain their per-site differences. The same procedure

applies to the remaining five different pairs of species. Based on the difference matrix
(dij, | <Jj=1, ..., 4) for each of TC and AG transitions and transversions, I estimate the
branch lengths (b;, /=1, ..., 5) in Fig. A.1 so as to minimize the total branch lengths
(Cavalli-Sforza and Edwards 1967). In the present case of four species, the estimates of

b; can be given by

1 1 1 1 1 di2
(bl\/"z"zza'zo\/d\
\ 1111 1 || 98
2 2 4 4 3 14 q
by |=| o L 1 1 11 1

I 4 4 3 32 i
bs O_ll_ll_l.
i 4 4 3 12 dos
\bs /| 1 1 1 1 1 1
\ 3 7 7 4 3 2 )\ 4y /

These b; values are converted into the actual number of substitutions (x;) from the
respective graph obtained from the simulation study (Figure 7.2). Tthen take the sum of
x; for each of the TC transitions and AG transitions and transversions to obtain the total
number of synonymous substitutions per site (X;) for branch j. The distance D3
between species 1 and 3 in Figure A.1, for example, is defined as X1+ X3+ X5, The
sampling error of D3 is roughly given by VD13/S (See Takahata and Tajima 1991 for a
related argument). Similarly, the totalsnumber of synonymous substitutions in the tree,

used in Figure 7.1, is estimated as ¥ Xj. Suppose that species 4 in Figure A.l is
k=1

gorilla and then denote by T the divergence time from the human and chimpanzee clade. I

define the mean pairwise distances between gorilla and the human-chimpanzee clade as
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D=(X1+ Xo+ X3+ 2X5)/3 + X4 and the rate is calculated by D/(2T). The overall

synonymous rate is the weighted average of Ds for all the genes.
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Figure A.1 A tree of four species.

Relationship of four species. The b; stands for the estimated branch length by the

ordinary least square method.
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APPENDIX II

Evolution of Hominoid Mitochondrial DNA with Special Reference to the
Silent Substitution Rate Over the Genome

Rumi Kondo, Satoshi Horai, Yoko Satta,* and Naoyuki Takahata

National Institute of Genetics, The Graduate University for Advanced Studies, 1111 Yata, Mishima 411, Japan

Summary. Focusing on the synonymous substitu-
tion rate, we carried out detailed sequence analyses
of hominoid mitochondrial (mt) DNAs of ca. 5-kb
length. Owing to the outnumbered transitions and
strong biases in the base compositions, synony-
mous substitutions in mtDNA reach rapidly a rather
low saturation level. The extent of the composi-
tional biases differs from gene to gene. Such
changes in base compositions, even if small, can
bring about considerable variation in observed syn-
bnymous differences and may result in the region-
dependent estimate of the synonymous substitution
rate. We demonstrate that such a region depen-
dency is due 1o a failure to take proper account of
heterogeneous compositional biases from gene to
gene but that the actual synonymous substitution
rate is rather uniform. The synonymous substitu-
tion rate thus estimated is 2.37 = 0.1} x 108 per
site per year and comparable to the overall rate for
the noncoding region. On the other hand, the rate of
nonsynonymous substitutions differs considerably
from gene to gene, as expected under the neutral
theory of molecular evolution. The lowest rate is
0.8 x 107 per site per year for COJ and the highest
rate is 4.5 X 10™° for ATPase 8, the degree of func-
tional constraints (measured by the ratio of the non-
synonymous to the synonymous substitution rate)
being 0.03 and 0.19, respectively. Transfer RNA
(tRNA) genes also show variability in the base con-
tents and thus in the nucleotide differences. The

* Present addresy: Max-Plank Institn fiir Biologie, Abtetlung
Immungenelik, Corresstrasse 42, D-7400, Tibinpen, Federal Re-
public of Germany )

Oftprint requesis 10: 8. Horud

average rate for 11 tRNAs contained in the 5-kb
region is 3.9 x 10~? per site per year. The nucie-
otide substitutions in the genome suggest that the
transition rate is about 17 times faster than the
transversion rate,

Key words: Hominoid mitochondrial DNA — Nu-
cleotide substitution rate — Transition bias — Base
compositions — Functional constraints — Multiple
hit corrections — Transfer RNA

There are a number of molecular evolutionary stud-
ies on primate mtDNAs. The regions studied in-
clude portions of nicotinamide adenine dinucleotide
dehydrogenase subunit (ND)¢ and NDS5 genes
(Brown et al. 1982; Hayasaka et al. 1988; Kocher

‘and Wilson 1991), the complete cytochrome ¢ oxy-

dase subunit (CO)J gene (Ruvolo et al. 1991), three
tRNA genes (His, Ser, Leu) (Brown et al. -1982:
Hayasaka et al. 1988), the 128 ribosomal RNA gene
{Hixon and Brown 1986), and the displacement loop
(D-ioop) (Foran et al. 1988; Greenberg et al. 1983;
Vigilant et al. 1989; Horai and Bayasaka 1990;
Kocher and Wilson 1991). Although these pieces of
DNA sequence information were useful in conceiv-
ing rough pictures of the tempo and mode of pri-
mate mIDNA evolution and were applicable to the
taxonomic study of primates, they apparenily do
not suffice to support definite conclusions.
Recently, we (Horai et al. 1992) determined the
nucleotide sequences of homologous 4,938-bp por-
tions of five hominoid mtDNAs and compared themn
with the known human counterpart (Anderson et al.
1981). We were mainly concerned with the pattern
and dating in hominecid diversification. and used
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oniy the unsaturated parts of sequence differences
(t.e., nonsynonymous changes, synonymous-{rans-
versions, and changes in the tRNA coding regions).
Because there was littie problem in correcting for
multiple hit substitutions and unprecedentedly long
regions compared, we believe that the hominoid
phylogeny then reconstructed has resolved the tri-
chotomy (the phylogenetic relationships among hu-
man, chimpanzee, and gorilla) and that the dating of
divergences is fairly accurate. In this paper, we re-
port the results of more detailed examination of the
same DNA sequence information in order to reveal
evolutionary characteristics of individual genes.
Qur particular interest is in estimating a reliable
synonymous substitution rate.

We base our analyses on the hominoid mtDINA
phylogeny obtained by Horai et al. (1992), but focus
on the DNA sequences sampled from relatively
closely related species for which multiple hit sub-
stitutions are not particularly extensive. In doing
so, we try to take proper account of the transition
bias, the base composition\bias, and the functional
constraints which are characteristic of primate
miDNA molecules. In the following, the word dif-
ferences is used for the observed changes, and the
word substitutions is used for the inferred changes.

DNA Sequence Analyses

An Overview of the Compared Region

In the 4,938-bp aligned region of mtDNA se-
guences determined for six hominoids (common
chimpanzee, pygmy chimpanzee, human, gorilla,
orangutan, and siamang), there are six protein-
coding genes [ND2, COI, COIl adenosine triphos-
phatase (ATPase)8, and portions of NDJ/ and
ATPase 6], 11 tRNAs for Ile, Gln, Me:, Trp, Ala,
Asn, Cys, Tyr, Ser(LUCN)Y, Asp, and Lys (Anderson
et al. 1981; Chomyn et al. 1985), and noncoding
regions. The six protein-coding genes are all tran-
scribed from the H-strand, and the L-strand repli-
cation origin (0,) of 32-bp length is included in
the sequenced region. The total noncoding region
consists of eight short spacer sequences (1-9 bp)
and three larger ones (46 bp between C0O/J and
(RNA™ 18 bp between tRNA™" and COI, and 32
bp between tRNA and tRNASY).

Among the aligned region, there are 1,438 vari-
able sites (or 29.1%). Of thesc, single nucleotide
differences account for 1,398 of the case. Depend-
ing on species pairs, the overall sequence differ-
ences range from 3.3% {between the twe chimpan-
zec species) to 16.9% (between orangutan and
sinmang). The proportion of transitional differences

decreases from 95.3% to 75.8% as the divergence
time between two species increases. (See also
Brown et al. 1982.) The remaiming 40 variable sites
result from deletions and/or insertions, and they
are restricted to the nonceding regions and {RNA
loops (in tRNA of Trp, Asn, Cys, Tyr, and Asp).
Most of them are associated with poly-C or -A
tracts, caused by single base deletions and/or inser-
tions. Exceptions are a 2-bp deletion in orangutan
tRNAT™, 3. and 6-bp insertions in the spacer region
between tRNAT and CO/ in gorilia and orangutan,
and a 16-bp insertion in the spacer region between
COIl and tRNA™* in orangutan. There are other
six single-base deletions and/or insertions in the
tRNA-coding regions that are found only in ocrang-
utan and sizamang. In the following analvses, we
treat these deletions and/or insertions separately
from nucleotide substitutions, and discard the 58-bp
overlapping sites; the 44-bp overlap of ATPase 8
and ATPase 6, 4-bp overlaps in tRNA-coding re-
gions, and other 10 sites which occur in incom-
pletely determined codons in NDI, ATPase &, and
ATPase 6. The total sites compared for nucleotide
substitutions are 4,008 bp in the protein-coding re-
gion, 751 bp in the tRNA-coding region, and 82 bp
in the nonceding region.

Amino Acid Sequences

In contrast to a rather uniform distribution of nu-
cleotide differences over the entire sequenced re-
gion (Fig. 1 in Horai et al. 1992), the amino acid
replacement (nonsynonymous) differences are dis-
persed in clusters (Fig. 1). For instance, a number
of amino acid differences are observed in the prox-
imal region of ATPase 8 between orangutan and
siamang, whereas only a few occur in COl and
COII. Such heterogeneous amino acid differences
most jikely reflect different degrees of selective
constraints against different genes or parts of genes
(Kimura 1983). Most conserved are COI and COII
and least is ATPase 8. Intermediate arc ND1, ND2,
and ATPase 6 (Table 1.

Subunits COI and COII contain hemes and cop-
pers which constitute all the four redox centers of
the cytochrome oxidase (complex 1V). These cen-
ters are responsible for the catalytic function of the
enzyme (reviewed in Capaldi 1990}, so they may be
most functionally important among the six proteins
under study. In contrast, neither ND1 nor ND2 con-
tains iron sulfur centers of NADH coenzyme Q re-
ductase (complex I). ATP synthase (complex V) has
the catalytic part (F,} and an integral membrane
component with proton channel (F,). ATPase 6 and
8 participate in the F, part of the compiex V, but
their functional roles are poorly understood. How-
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Fig. 1. Aminc acid alignment of the six prolein genes of six

hominoid mtDNAs. The sequence of published human miDNA
(Anderson et al. 1981) is shown in the uppermost line with the
single-letler amino acid code. For the other species only the
amino acids different from those in the human sequence are
shown. The overlapping region of ATPase 8 and ATPuse 6 is

TI
TI

v
A LI s P
A LTFPAP

excluded. Abbreviations used: HUM = human (Homo s. sapi-
ens): CH] = common chimpanzee (Pan troglodytes); PYG =
pygmy chimpanzee (Pan peniscus). GOR = gorilla (Gorilla go-
ritle); ORA = orangutan {Pongo pygmaeus), and S1A = sia-
mang (Hylobates syndaciylus). Continued on page 000.
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Fig. 1. Continued from page 000.
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Table 1. Percent similarity of amino acid sequences among hominoids®

Pairs NDY ND2 col coN ATPE ATPS
compared {4ba) {347aa) {513a1) (227un) (S3na) {150a:u)
C-p 93.5 97.1 99.6 100.0 96.2 96.7
C-H 93.5 96.3 98.8 97.8 94.3 94.0
P-H 87.0 95.7 98.8 97.8 94.3 94.7
-G 97.8 93.4 98.3 97.8 83.0 90.7
P-G 91.3 93.7 97.9 97.8 83.0 91.3
H-G 95.7 93.4 98.1 96.5 88.7 92.0
c.0 84.8 836 95.3 96.0 62.3 84.0
P-O 82.6 84.2 94.9 96.0 64.2 87.3
H-C 87.0 83.9 95.7 94.7 642 84.0
G-0 87.0 83.3 96.1 91.4 62.3 81.3
C-s 82:6 83.9 96.9 94.7 £7.9 88.0
P-S 80.4 83.9 96.9 94.7 67.9 9.3
H-§ 84.8 3.7 97.5 94,7 69.8 $0.0
G-S 84.8 I 97.5 94.3 64,2 90.0
0-8 80.4 3i.6 56.9 95.2 60.4 86.0

* Number of amino acids for each gene is shown in parenthesis. Abbreviations for the species are C (common chimpanzee), P (pygmy
chimpanzee), H (human), G (gorilla), O {orangutan), S (siamang)

ever, the hydrophobicity of ATPase 8§ (SOAP pro-
file: Kyte and Doolittle 1982) is relatively change-
able among hominoids. It is therefore possible that
required anuno acids at particular sites can be flex-
ible in their biochemical properties and thus the de-
gree of selective constraints is rather low.

1t is notable that the termination codons can vary
in mtDNA genes {e.g., Gadaleta et al. 1989). In
spite of a rather stirict constraint on nonsynony-
mous changes in the COJ and COIl genes, some
anomalous variation occurs in their termination
codons. The COI termination codon is AGA in hu-
man, chimpanzees, and siamang, but the same
codon position 1s substituted by AAA (Lys) in go-
rilia and GAG (Asp) in orangutan (Fig. 1 in Horai et
al. 1992). Because AAA and GAG are ofien used in
the coding regions (Tabie 2 in Horai et al. 1992),
acquisition of such new termination codons in go-
rilla and orangutan i1s unlikely. An alternative ex-
planation is that a termination codon AGG occur-
ring in down-stream is used. This down-stream
termination coden would cause a 10-bp overlap be-
tween COJ and tRNASYEN genes, However, this
overlap would not give rise 10 any serious e¢ffect on
transcription because these two genes are coded on
the opposite strands. Furthermore, amino acid re-
placements in CCGJ are more frequent in the 3" end
than in other regions (Fig. 1), indicating weak func-
tional constraints in this region. Thus clongation of
the C-terminal of CO/ may not be functionally de-
fective. Similar instances of COJ have also becn
noted in bovine and mouse (Anderson et al. 1982
Bibbh et al. 1981). 1t therefore scems 1o be a general
phenomenon that the 3" end of COI is flexible and
the gene has been using different termination
codons in different positions. Also, the COJI termi-

nation codon is variable -among primates although
the position is fixed: TAG in chimpanzees and hu-
man, TAA in gorilla, orangutan, and siamang.

Nucleotide Differences in Protein Genes

The orangutan mtDNA is too distantly related from
that of chimpanzees and human; about 34% of the
third codon positions differ among these species,
which is close to the saturation level (Table 1 in
Horai et al. 1992). Therefore, including the orang-
utan m!DNA in the following analysis gives rise to
a difficult and commonly recognized probiem in es-
timating accurate nucleotide substitution rates. The
gorilla mtDNA also differs substantially from the
human and chimpanzee mtDNAs. However, if we
exciude it from the analysis, the sampling errors
become too large. Actually, the observed differ-
ences at the third codon positions are about 27%,
which seems not too extensive to make reasonable
multiple hit corrections. For these reasons, we use
the four DNA sequences sampled from common
and pygmy chimpanzees, human, and gorilla. We
did not analyze the ND]J because it represents only
a small portion (14.4%) of the entire gene and is
subject to large sampling errors.

For agiven gene, we first compare the nucleotide
differences at each of three codon positions. Since
most differences at the first and second codon po-
sitions are nonsynonymous and those at the third
positions are synonymous, comparison of the dif-
ferences between these two different codon posi-
tions gives some idea about the relative rates of
synonymous and nonsynonymous differences. For
the five protein coding genes, we depict Fig. 2 to
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Fig. 2. Negative correlation in the observed number of differ-

ences between the first and second.codon positions and the third
codon positions. The number of differences for each gene was
estimated from the total branch iength of a tree of common chim-
panzee, pygmy chimpanzee, human, and gorilla obtained by the
ordinary least squares. {See Appendix). The number of differ-
ences at the first and second codon positions and the third codon
positions of each gene is divided by the corresponding number of
sites, and the 100-fold value (differences per 100 sites) is shown.

show the relationship of the nucleotide differences
at the first and second vs those at the third codon
positions. It is clear that there is an apparent nega-
tive correlation {r = —0.94, 1 = —4.8, P = 0.009,
df = 3): The larger the differences at the first and
second codon positions, the smaller the differences
at the third codon positions. The extents of the nu-
cleotide differences at the first and second codon
positions are in agreement with those from the
amino acid differences and are most likely related to
the different degrees of selective constraints against
different genes. The neutral theory (Kimura 1968,
1983) provides a reasonable. account for the rela-
tionship between selective constraints and func-
tional importance.

Curiously and importantly, however, the nucle-
otide differences at the third codon positions also
differ from gene to gene. Some of those differences
are synonymous and the differences may not be en-
tirely attributed to differential selective constraints.
Nonetheless, genes such as COJ and CQOII under
stronger functional constraints exhibit relatively
large numbers of differences, while ATPase &§ under
least functional constraints exhibits a relatively
small number of differences. As a result, the figure
shows a negative correlation.

Analysis of codon usages among those genes
shows a positive correlation {(r = 0.97,t = 6.9, P =
0.003, df = 3} between the extent of nonsynony-
mous differences and the frequencies of A or C at

7

the first and third codon positions {data not shown).
Namely, genes exhibiting more nonsynonymous
differences use more codons starting and ending
with A or C. These codons generally encode hydro-
phobic amino acids, such as Jle, Met, and Thr, and
may possibly be exchangeable without serious func-
tional disruption. In contrast, COf and COlI fre-
quently use amino acids such as Gy and Val whose
codons begin with G. However, these differences in
codon usages alone cannot account for the variation
in the nucleotide differences at the third codon po-
sitions.

However, there is a substantial heterogeneity
from gene to genc in terms of the base compositions
at the third codon positions. Together with ex-
tremely high transition rates, this heterogeneity
suggests that the dynamics of the nucleotide substi-
tution process at the third codon positions or at the
synonymous sites may be different from gene to
gene. It is also important to realize that, because of
these biases, the saturation level can differ among
genes.

Simulation Study

None of the nucleotide substitution models pro-
posed thus far are particularly good at describing
empirical mtDNA data (Fitch 1986). The method of
Jukes and Cantor (1969) is inappropriate, because it
assumes an equal transition-transversion probabil-
ity and equal frequency among the four nucleotides.
For the same reason, Kimura's two-parameter
method (1980) may be unsuited, because it ulti-
mately leads to the equal frequency of the four
bases despite the assumed different rates between
transitions and transversions. Models that consider
both different transition-transversion rates and base
compositional biases must be used, and some such
are developed by Felsenstein (1981), Kimura
(1981), Takahata and Kimura (1981), Lanave et al.
(1984), and Hasegawa et al. (1985). Under some of
these models satisfying reversibility, biased base
compositicns in a sequence can be kept constant
through the nucieotide substitution process. For
simplicity, we used the model of Hasegawa et al.
{1985) in which the probability of base i to be re-
placed by base j is defined by the product of sta-
tionary base composition (7, j = A, G, C, or T) and
the relative transition (o) or transversion rate {B)
(For details of the model, see Appendix A.} The
parameters a and §# affect the initial increase of nu-
cleotide differences and the time required to reach
the saturation level {A and B in Fig. 3}. On the other
hand, the equilibrium frequencies mr; are related to
the ultimate saturation level, which is given by
2mamg + memy) for transitions and 2(m, + 7g)(me
+ ) for transversions (B and C in Fig. 3).

Since most substitutions at the third codon posi-
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Simulation study on the effect of 1, a, and B on the saturation levei, in which =, is the frequency of base j(j = A, T, G, or

C) and o and B are relative transition and transversion rates. The substitution matrix for base i to be replaced by base j is defined as

follows (Hasegawa et al. 1985):

J T C
i
T ! = (ame + Bma + Pwg) atg
C af 1 — (amt + Bna + Brg)
A Bry Brc
G prr Bmc

A G
Bma Brg
Bra Pwg
1 — {amg + Bnr + Brg) aTmg
Tty 1 = (ama + Par + Pug)

In Fig. 3. we set the values of parametersasa = B = I, my=wc =1, = 7ig = 0.25forA)ya = |, B = Vi, mp = g = T, = 7
=025for Bland a = 1, § = %3, mARIL5, me = 0.34, w, = 0.47, mg = 0.04 for C). An ancestral sequence of | kb is assumed to
have a specified base composition in A, B, or C. According 1o each matrix, we generated 2 uniform random number U for cach
nucleotide site. If I/ is smaller than a specified probability in the matrix, the site is changed. This process is repeated over the entire
sequence and stored for the next round of substitutions. The observed number of differences is counted at given numbers of the total
substitutions. For each parameter set, we repeated 1,000 times and computed the average and standard deviation. For the transitions
(Ts). the transversions {Tv), and the total changes, the observed number of differences were plotted against the actual number of total
substitutions. Graphs A and B show that the ultimate saturation level is the same even for different vajues of o and B, as theoretically
expected. Graphs B and C show that the saturation leve! of the observed differences changes by the base compositions.

tions are presumably neutral, the base compositions
and the transition-transversion rates should reflect
the actual mutation process in each gene. For a
given gene, the base compositions at the third
codon positions are rather similar among chimpan-
zees, human, and gorilla. ‘Importantty, however,
there exists a strong bias toward A and C. TG con-
tent is extremely low; how low differs between
genes (Table 2). To see the effects of such compo-
sitional biases on the nucleotide substitutions, we
carried out simuiations. For each gene, we used the
observed base compositions as equilibrium fre-
quency 7; but assumed the same rate, irrespective
of genes, {or transitions and transversions (@ = 1, 3
= %), Figure 4 shows that even a small ¢hange
(<35 in the lower base compositions results in a
substantial change in the transition differences. For
example, genes with lower T content show much
tower levels of the CT transition differences, and
genes with lower G content show much lower levels
of the AG transition differences. This sugpests that
variation in the base compositions can be an impor- -

tant factor for determining the synonymous differ-
ences. Consequently, synonymous substitutions
may be inaccurately estimated if we ignore biased
transition rates and base compositions. Below, we
examine in more detail this possibility to explain the
negative correlation shown in Fig. 2.

Synonymous and Nonsynonymous
Substitution Rates

To deal with the synonymous and nonsynonymous
substitutions, one must first determine the numbers
of such sites per gene. A usual method for counting
the number of synonymous sites per gene assumes
equal substitution rates among four nucleotides
{e.g., Nei and Gojobori 1986}, so the number of
synonymous sites for a twofold-degenerate site is
assigned as one-third. However, this assignment is
not valid when transition rates are much faster than
transversion rates as in primate mtDNAs. Because
there 1s only a small probability of transversions
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Table 2. Base compositions at the third codon positions and nencoding region®
Genes (no. sites)

ND/ ND2 col colt ATFPuse & ATPuase 6 Noncoding

46 347 513 227 53 150 50
A () 37 38 36 35 47 39 30
C (%) 43 42 40 40 34 36 39
T (%} 16 16 19 20 15 20 23
G (%) 4 4 5 5 4 5 8
TG (%) 20 20 24 25 19 25 31

* Base compositions shown above are the average of commen chimpanzee, pygmy chimpanzee, human, and goritla
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Fig. 4. Simulation study on the relationship between the actual
number of substitutions and the observed number of differences.
The values of =, (f = A, T, G, or C) are set as to imitate the base
compositions in actual sequences (Table 2) and the relative rates
are setas o = | and B = Y. (See Fig. 3 for details.) Graph A is
for TC transitions, B is for AG transitions, and is C for transver-
sions. The actual length of the abscissa in A-C indicates the same
length of time. Note that there is a large difference in the satu-
ration level between CT and AG transitions because of lower AG
conltents.

that result in nonsynonymous changes, the number
of synonymous sites for a twofold-degenerate site
should be closer to one than te one-third. Clearly,
this increases the number of synonymous sites and
decreases that of nonsynonymous sites per gene
compared 1o those expected under Jukes and Can-
tor's model, We claim that the number of synony-
mous sites must be counted consistently with the
model of nucleotide substitutions actually used for
multiple-hit corrections. More specifically, Nei and
Gojobori's method cannot be used for any substitu-
tion mode! other than Jukes and Cantor’s and is
certainly inappropriate for mammalian mtDNA.

in order to study guantitatively different ways of
counung synonymous sites (nonsynonymous sites
= the total number of sites ~ synonymous site), we
compared the correlation of the synonymous and
nonsynenvmous differences per site. We estimated
the number of synonymous sites per gene by Jukes
and Cantor’s model and Hasegawa et al’s. model
{Table 3). The number of synonymous sites esti-
maied by Jukes and Cantor’s model 1s approxi-

mately 73% with respect to Hasegawa et al.’s
model. Accordingly, the nucleotide differences per
synonymous sile are overestimated by 20% and
those per nonsynonymous site are underestimated.
Therefore, the relationship between the synony-
mous and nonsynonymous differences based on
Jukes and Cantor’s mode] (indicated by a solid cir-
cle) shows a stronger negative correlation than that
based on Hasegawa et al’s. model (indicated by an
open circle).

In general, the number of synonymous sites per
twofoid-degenerate sites must be determined at
least in terms of o, B, and 7; = A, T, G, or Q).
This caution may be applied to many other methods
for correcting multiple hit substitutions (e.g.,
Brown et al. 1982; Liet al. 1985). Unequal rates and
base compositions in nucleotide substitutions are
essential in calculating the number of synonymous
Or NONSYNoNymous sites in mammalian miDNA,

In order to evaluate the accuracy of correction
methods, we applied Kimura's two-parameter
model (Kimura 1980) and Hasegawa et al.’s model
to the synonymous differences (Fig. 5B). Correc-
tion with Kimura's two-parameter model (indicated
by a solid circle in Fig. 5B) considerably inflated the
inferred number of synonymous substitutions, and
the negative cerrelation becomes even stronger
than that in Fig. 5A. On the other hand, the correc-
tion based on Hasegawa et al.’s model (see Fig. 4
and Appendix A) gives similar estimates of the syn-
onymeus substitutions for al! the genes (indicated
by an open circle in Fig. 5B). As mentioned, the
latter estimates depend on « and #. In the case of
ATPase 8, which shows the lowest saturation ievel
in Fig. 4A, the estimate of synonymous substitu-
tions is substantially influenced by the ratio of tran-
sition to transversion. We chose relative values of o
and B so as to erase the negative correlation. They
turned out tobe e = 1 and § = V7, which are very

close to the maximum likelihood estimates obtained
by the DNAML in PHYLIP (Felsenstein 1990). It is
reasonable to expect that the genes on the mtDNA
genome have more or less the same mutation rate
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Table ). Observed number of synonymous changes and differcnces in the noncoding region®
{Genes: no. siles)
ND! ND2 cor coli ATPase & ATPase 6 Noncoding region
442 341.7 507.0 2248 0.0 154.2 50.0
AG, AG. AG, AG, AG, AG, " AG,
TCNV (%) TCwW (%) TC/V (o)  TCHV (%) TCHV (%) TC/V (%) TCHV (%)
C-P LI (4.5) 2,253 (10.2) 25,301 (11.4) 51171 (7.6) 0,31 (8) 2,800 (6.5) 2,000 {4)
C-H 2440 {13.6) 26,575 (25.8) 38,84/5 (25.1) 144373 (26.7) 2,911 (24) 9.24/0 (21.4) 0,7/0 (id)
P-H L.5/0 (13.6) 25.50/6  (23.7) 34,96/6 (26.8) 13.41/8 (24.9) 2.10/0  (24) 7,200 (17.5) 2,700 (18}
C-G 6.6.5/1 (30.5) 20.60/14 (27.5 37,9215 (28.4) 154717 (30.7) 2,425 (1T) 12,33.5° (30.8) 2,101 (26)
P- SASMO26.0) 20,5915 (27.8)  30.87.5/15.5 (26.2) 12.45/6 (2B.1)  2,5/L.5 (17) 12,33.572 (30.8) 2,10/t (26)
H-G  4.9/1 (31.7) 22.74/13 (31.9) 33.106.5/15.5 (30.6) 19.48/8 (33.1) 2,101.5 (27) 13.37.572 (27.6) 2,131 (28)
Observed number of nensynonymous changes
(Genes: no. siles and percent)
NDI ND2 cor Coli ATPase &8 ATPase 6
93.8 (%) 699.3 (%) 1,032.0 (%) 456.5 (%) 109.0 (%) 295.8 (%)
C-pP 3 (3.2 10 (1.4) 2 (0.2) 0 ® Z (1.8) 5 .7
C-H 3 (3.2} 13 (1.9) 7 0.7) 5 (1.1) 3 (2.8) 9 (3.0}
P-H 6 {6.4) 15 (2.2} 7 0.7 5 (1.1) 3 (2.8) g (2.7)
C-G 1.5 1.6} 25 (3.6) 10 (1.0) 5 (1.1} 10.5 (9.6) 15.5 (5.2)
P-G 4.5 (4.8) 25 (3.6} 13 (1.3) 5 (1.1) 10.5 (9.6) 14.5 4.9
H-G 2 .1y 26 3.7 i2 (1.2) 8 .8) 7.5 6.9) 12.5 (4.2)

* The human sequence is taken from (Anderson et al, 1981). The
number of synonymous and nonsynonymous sites are the aver-
age of the four species, estimated by assuming that the relative
rates of transition and transversion are 1 and 1/17, respectively.
t5ee Appendix A.) The observed number of substitutions and its
percent in each gene or region (in parenthesis) are shown. For

and therefore similar levels of synonymous substi-
tutions. Although the model we used here may still
be far from reality, it is clear from Fig. 5 that use of
models with simplified or incorrect assumptions
leads to inaccurate estimates.

We have concluded that the number of synony-
mous substitutions per site (distances) is fairly uni-
{orm over the genes. This supports the assumption
of equal overall synonymous rates for all mitochon-
drial genes. We take the weighted average of the
synonymous substitutions. aver the genes when
compared between gorilia and the remaining three
species: common chimpanzee, pygmy chimpanzee,
and human (Appendix A). With the divergence time
of gorilla at 7.7 million years ago which was estj-
mated by Horai ¢t al. (1992), the synonvmous rate
for the hominoid mtDNA becomes 2.37 + 0.1 x
10~* per site per year. This rate is five to 10 times
taster than that of nuclear DNAs (Brown et al.
1982). or even faster {20 times) if the 5ynonymous
substitution rate for nuclear genes is 1.2 x 10”7
(Satta et al. 1991).

For the nonsvnonymous rate, any multipic hit
correction is practically unnecessary among the
four species. The rate of nonsynonymous substitu-
tions for each gene is at least five times lower than

the synonymous changes and the differences in the noncoding
region, the pumbers of substitutions are shown in the calegories
of AG (AG transitions}, TC (TC transitions), and V (transver-
sions). Abbreviations: C, common chimpanzee; P, pygmy chim-
panzee; H, human; G, gorilla

that of the synonymous change. The nonsynony-
mous substitution rate per site year ranges from 0.8
X 10~% for CO! to 4.5 x 10™° for ATPase 8.

Comparison of the IRNA Coding Region

The location of variable sites and base mispairs in
the secondary structures of the §1 tRNAs shows
that the number of substitutions differs substan-
tially among various tRNA domains, stems (helical
regions}, and loops (Fig. 6). Although the nucle-
otide substitutions are found in all the domains;
stems are more conserved than loops and gaps. The
most censerved domain is the anticodon loop which
contains an anticodon of each tRNA. On the other
hand. the most variable domain is the TWC loop
and the second most is the dihydrouridine loop.
As noted long ago by many authors (e.g., Jukes
1969; Kimura 1983), the stems accumulate compen-
satory substitutions which restore Watson-Crick base
pairings. Compensatery substitutions are found in
the acceptor stems of the orangutan tRNAL and
IRNAM and siamang tRNA®” and also in the
anticodon stem of human (RNA* and the TWC
stem of human tRNATP,




154

A) B)

§ 140

- con

E 20

vy ...

& col -2

S 100 .8 ATPG

(53

2 a0

g con ATPS &

R e NDZ ATPS

é g dor eefTEE ATPS [T L gy Foy—
" e

o e B e, O

v s s,

o 0t O

=

v

si': 20

Per site nonsynonymous changes {x100}

Fig. 5. Observed synonymous and nonsynonymous differences
(A) and inferred synonymous and nonsynonymous substitutions
(B). The inferred number of synonymous and nonsynonymous
sites is calculated by Jukes and Cantor's model, which assumes
equal probability for all nucieotide substitutions (indicated by a
solid circle), and by the model of Hasagawa et al., which con-
siders both biases in base composition and transition rate (indi-
cated by the open circle). (See Appendix A). In A, the number of
observed syrionymous and nonsynonymous differences in each
gene is calenlated as in Fig. 2 by using the observed number of
pairwise differences shown in Table 3. For the solid circle in B,
the number of synonymous and nonsynonymous substitutions is
estimated based on Kimura's two-paramcter model (Kimura
1980), and it was converted into the per-site number of changes
using the number of sites inferred from the Jukes and Cantor
mode], This is an example of inconsistent use of different sub-
stitution models in computing the number of synonymous sites
and correcting multiple hit substitutions. For the open circle in
B, the number of synonymous and nonsynonymous substitutions
is estimated based on Fig. 4 (see Appendix A)and the number of
sites inferred from the same Hasegawa et al model was used.

The proportion of variable sites in the aligned
tRNA genes shows a strong heterogeneity in the
" nucleotide substitutions per site over the 11 {IRNAs:
The proportion ranges from 6.2% (in tRNAM*")
10 26.9% (in tRNA™*) (Table 4). The low number
of substitutions in tRNA™®" is due probably to
its tmportant role in the transcription initiation.
It is known from (RNAMS (RNASACY  and
IRNALE“CUM that the number of substitutions in
tRNA varies inversely with the frequency of the
corresponding codons used in the mtDNA (Brown
et al 1982). We examined this rule for the present 10
tRNA genes (excluding tRNAY®) and found that
there is indeed a negative correlation between
cedon usages and nucleotide substitutions (r =
-0.70,t = —2.8, P = .0.012, df = 8). Because
mitochondrial tRNA involves in the regulation of
transcription, codon usapge pattern appears to deter-
mine to some extent the rate of IRNA evolution.

We compared base compositions of tRNAs in
terms of the AC content in the sense strand (Table
4), excluding all the anticodons. Since GC or AT
contents in the stem parts must be 50% for Watson-
Crick pairings, deviation of AC contents from 50%
indicates that actual compositional biascs are much
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stronger in other parts of tRNAs such as the loops
or mispairs in the stems. The AC content is higher
in the L-strand than in the H-strand (Borst and Fla-
vell 1976, Brown 1981). This holds true whether
tRNAs are coded by the L-strand or by the H-strand.
The fact is that the H-strand-coded tRNAs have
lower AC contents {34.8-48%) than those L-strand
coded (52.5-59.5%), though the reason is unclear.

The observed sequence differences in the 11
tRNA genes do not show any evidence for satura-
tion in the comparison between the six hominoid
species (Table 1 in Horai et al. 1992). As mentioned
in our previous paper (Horai et al. 1992), however,
the orangutan tRNAs have many anomalous fea-
tures. We therefore used the tRNA sequences for a
pair of human and gorilla to calibrate the substitu-
tion rate. The average transition and transversion
rates over the 11 tRNA genes are 3.7 X 10~ %and 0.2
X 10~° per site per year, respectively. The ratio of
the transversion to transition rate is 0.2/3.7 =
0.054, which is very close to the value of f/e = 0.06
used for the protein coding regions. As seen later,
this holds true for the noncoding region as well. The
overall rate (the sum of the transition and transver-
sion rates) becomes 3.9 X 10~° per site per year.
The overall rate is about one-half the previous es-
timate (8.5 % 10~% per site per year) for tRNA¥,
tRNASAGY | and tRNALeCUN) (Brown et al.
1982). Nevertheless, it is true that tRNAs in
mtDNA have evolved much faster than in nuclear
DNA, partly because of higher mutation rates and
partly because of the less selective constraints
against mitochondrial tRNAs.

Noncoding Region

The noncoding region is an assembly of small se-
guences dispersed between genes which contain
114 bases in total. Among the six hominoids, there
are 31 variable sites due to singie nucleotide
changes (or 27%). Deletions and/or insertions occur
at 32 sites, the frequency being as high as 28%.
Thus, although single base substitutions in the non-
coding region are frequent, deietions and/or inser-
tions are also much more commeon than in any other
regions. An exception is a small region surrounding
the O where the 11-bp sequences are identical
among all the sequences, Also conserved are the
tandem T repeats of six to seven nucleotides lo-
cated in the 12-bp (13 bp in orangutan) proposed
loop sequences. (See Fig. 1 in Horai et al. 1992.) We
excluded these two exiremely conserved regions
{32 bp) in estimating the substitution rate in the non-
coding region.

The observed number of differences at the re-
maining 50 noncoding sites is given in Table 3. The




Secondary structure of 11 litochondrial tRNAs of hom-
inoids. Each tRNA consists of 14 structurzally distinct regions:
5'-acceptor (A) stem-gap~dihydrouridine (D) stem-D loop-D
stem-gap-anticodon (AC stem~AC loop—AC stem—variable
loop-T¥C stem-TV¥C loop-TY¥C siem-A slem-3'. Among the
hominoid tRNAs, size variation occur only at the D loop, vari-

Fig. 6.

able loop, and T¥C loop. Hatched areas indicate positions at
which base substitutions have taken place. 4 solid line between
nucleotides (boxes) in stem parts indicates a Watson-Crick pair
in all the species; a dor indicates a non-Watson-Crick pair in
some species.

Table 4. Comparison of 11 transfer RNA genes in six hominoid mtDNAs

Aligned size® No. variable Proportion AC content® IRNA usage®
IRNA {sense strand5 sites variable sites (%) (%) {%)
lie 63 (L) 12 19.0 52.5 8.5
Met 65 (L) 4 6.2 57.1 5.5
Trp 63 (L) 12 19.0 58.1 2.7
Asp 65 (L) I7 26.2 56.3 1.7
Lvs 67 (L) 18 26.9 59.5 2.5
Glu 66 (H) 16 24.2 64.7 {35.3) 2.4
Ala 66 (H) 7 10.6 64.4 (35,6} 6.7
Asn 70 (H) 15 21.4 61,8 (38.2) 4.3
Cwvs 62 (H} 15 242 53.7 (46.3) 0.6 |
Ter 62 (H) 16 25.8 52.0 (48.0) 3.6
SeAUCN) 69 (H) 12 17.4 65.2 (34.8) 5.8

“ The sites for anticadon and overlapping regions were excluded

* Caleulated as an average AC content in L-strand (H-strand} of the six hominoid mIDNA, excluding the anticodons

“ Calculated from codon usage in human mtDNA

base composition is blased in much the same way as
in the third ceden positions (Table 2). Moreover,
the ratio of the observed transversion-to-transition
differences is Y12 = 0.08 between gorilia and chim-
panzees and Yis = 0.067 between gorilla and human
(Table 3}. Thus, in terms of the actual number of
substitutions the ratio becomes closer te Y17 = 0.06.
Using the actual base contents in the nencoding re-
gion and the relative transition (e« = 1} and trans-
version rate (B = Y9), we carried out a simuijation
study to make corrections for multiple hit substitu-
tions (Fig. 4). The estimated substitution rate is 2.63
+ (1.59 % 107* per site per vear. Although the sam-

pling error is large due to the short DNA sequence,
the rate is very similar to the average rate of syn-
onymous substitutions. This supports our conten-
tion that the mutation rate in mtDNA is uniform
over the genome.

Discussicn

Basc composition biases, which are manifest in al-
mos! the entire genome, are quite common in ani-
mal mtDNAs. The biases in the noncoding region
and at the synonymous siles suggest that they are
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b, b4
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Fig. 7. Relationship of four species. The b, stands for the esti-
mated branch length by the ordinary least-square method.

not a result of natural selection. A more likely ex-
planation would be preferential codon usages or bi-
ased mutation pressure. There is only one tRNA for
each codon group in animal mtDNAs, but the
codons that match the tRNAs with Watson-Crick
pairings are not always preferred (Horai et al. 1992).
Rather, codons ending with both A and C are most
often used in the four-codon families. In addition,
the AC bias in the L-strand is a general feature.
Hence, preferential codon usages alone cannot fully
explain the base compositional biases.

It is likely that the evolution of mtDNA is influ-
enced by directional mutation pressure, as in low
GC gram-positive eubacteria {Osawa et al. 1990),
One possible molecular mechanism for directional
mutation pressure may be preferential C to T mu-
tations due to cytosine deamination in the single-
stranded DNA in replication (Brown and Simpson
1682). When replicating, the H- and L-strands ex-
perience the single-stranded state for different peri-
ods of time. It was suggested that nucleotide
changes tend to decrease C and increase T in the
H-strand on one hand and to decrease G and in-
crease A in the L-strand on the other, and that the
base bias should be stronger in the regions that have
a longer single-stranded state. Were this the case,
the extent of base bias would increase according to
the gene order of COI, COIl, ATPase &8, ATPase 6,
NDI, and ND2. This is not what is actually ob-
served, however: There is no such a conspicuous
trend and the bias is strongest in ATPase 8. Thus,
the cytosine deamination alone cannot explain the
base composition biases. Whatever the molecular
mechanisms are, directional mutation pressure ap-
pears to operate in animal mtDNAs,

In respect of the rates of synonymous and non-
synonymous substitutions, Miyata et al. (1980) ex-
amined various eukaryotic genes and concluded
that while the rate of nonsynonymous substitutions
differs among genes, the rate of synonymous sub-
stitution is more or less the same for all genes.
However, subsequent analyses suggested that the
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rate not only at synonymous sites but also in non-
coding regions varies considerably in different parts
of the genome (Koop et al. 1986, 1989; Li and Ta-
nimura 1987; Li et al. 1987; Maeda ct al. 1988;
Kawamura et al. 1991). Also suggested was a pos-
itive correlation between synonymous and nonsyn-
onymous substitution rates, although the correla-
tion coefficient is only 0.51 (Graur 1985). It was
then claimed that variation in the silent evolution-
ary rate can be accounted for by the differences in
GC contents and that the highest rate should occur
when the GC content is around 50% {Wolfe et al,
1989; Bulmer et al. 1991). However, the estimates
of silent substitution rates are greatly influenced by
base compositions (Fig. 3), and this is particularly
so when observed nucleotide differences are close
to saturation levels. Our conclusion is that silent
substitution rates must be examined more carefully
so as to avoid artifacts owing to failures in con-
structing a realistic model of nucleotide substitu-
tions.

The high rate of synonymous transitions and ex-
treme biases in the base compositions in mtDNA
raise serious problems in inferring the actual num-
ber of nucleotide substitutions. Too-extensive mul-
tiple hit substitutions make it impossible to infer the
actual number from the observed number of nucle-
otide differences. At present, it seems inevitable
that one must  select appropriate nucleotide sites
that have experienced theoretically tractable num-
bers of substitutions. In this study, we compared
various protein coding genes, tRNA genes, and
noncoding regions among closely related species.
Most significant is the finding that the silent substi-
tution rate is rather uniform over the primate mito-
chondrial genome and that the ratio of transversions
to transitions is independent of regions. These
strongly suggest that mutations themselves occur
more or less with the same rate and bias except for
the hypervariable region localized in the D-loop
(Horai and Hayasaka 1990; Kocher and Wilson
1991). The mutation rate is the mtDNA is about 20
times higher and much more biased than in the nu-
clear genome.
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Appendix A

Some 1raditiona] models of nucleotide substitutions (e.g., Nei
and Gojobori 1986) rely on the assumption that all four nucle-
otides are equaliy likely to mutale, However, since this does not
hold for the primate mtDNA, we need to use a different method
that can reflect biased substitutions. The model we use distin-
guishes transition (x) and transversion (B) and takes into account
different base frequencies (m, f = A, T, G, or C) at equilibrium.
We use empirical relative values of « = 1 and § = ¥i2. These are
close to values suggested by many studies (Brown et al, 1982;
Hixon and Brown 1986; Hayasaka et al. 1988; Foran et al. 1988,
Horai and Hayasaka 1990). The probability that base fis replaced
by base j (P} is defined by

o @G p amp
AC T amg + fmc + Py GA ™ am, + Bmc + Prr
anT ome
P = Prc =

anr + P, + g ame + Bms + Bwg

etc.

The number of synonymous sites (s) at the third position
of a twofoid-degenerate codon is counied as follows: For codons
TTC, TAC. CAC, AAC, GAC, TGC, ATC, and AGC, 5 = P
for TTT, TAT, CAT, AAT. GAT, TGT, ATT. and AGT, s =
Poci for CAA, AAA, GAA, ATA, and TGA, s = P.q: and for
codons CAG. AAG, GAG, ATG, TGG), s = Pg,.. For leucine
codons; s = Ppc + Pagfor TTA, Pyc + Pga for TTG, and Pre
+ 1 for CTA and CTG. The third positiens in the fourfold-
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degencrate sites are s = 1. The number of nonsynonymous sites
(n) for a given codon is n = 3 — 5.

1n the above, we note that under Jukes and Cantor, a = B
and m, = Yafor allj, so P = ' for a twofold-degenerate synon-
ymous site. Under Kimura's two-parameter model, however, a
# Bbutw, = %, 50 P = afla + 28) for a twofold-degenerate site.

The extents of the differences by TC transitions, AG transi-
lions, and transversions differ from each other and approach
different saturation levels. 1t is therefore necessary lo treat them
separately. For a given pair of genes from two ovt of four spe-
cies, we first compute the total numbers of TC transitions, AG
transitions, and transversions at the synonymous sites (Table 3)
and divide each of them by the total number of synonymonus sites
(§ = X 5) to obtain their per-site differences. The same proce-
dure applies to the remaining five different pairs of species.
Based on the difference matrix {d, i <j = i, ..., 4} for each
of TC and AG transitions and transversions, we estimate the
branch lengths (b, j = , ..., 5)in Fig. 7 so as to minimize the
total branch lengths (Cavalli-Sforza and Edwards 1967). In the
present case of four species. the estimates of b, can be given by

s 71111 diz
b 5 3 77z 7% 0
Lo 1] di3
ba T e o= = =0
2 T4 4 4 4 P
[ S u
N Rl I B A S A
2 iy
11 11
ba O3 3T i 2| 4
b L L |
* 27 4 4 4 4 2 dy

These b, values are converted into the actual number of substi-
tutions (x;) from the respective graph obtained from the simula-
tion study (Figs. 3, 4). We then take the sum of x; for each of the
TC transitions and AG transitions and transversions to obtain the
total number of synonymous substitutions per site (X)) for branch
J- The distance Dy, between species 1 and 3 in Fig. 7, for exam-
ple, is'defined as X, + X, + X;. The sampling error of Dy is
roughly given by VD ,/5. (See Takahata and Tajima 199) for a
related argument.) Similarly, the total number of synonymous
substitutions in the tree, used in Fig. 5, is estimated as &}, X,.
Suppose that species 4 in Fig, 7 is gorilla and then denote by T
the divergence time from the human and chimpanzee clade. We
define the mean pairwise distances between gorilla and the hu-
man-chimpanzee clade as D = (X, + X, + X, + 2X,)3 + X,
and the rate is calculated by D/(2T). The overall synonymous
rate is the weighted average of Ds for all the genes.




