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Evolution at Different Levels

Nucleotide substitution,
insertion & deletion
Darwin's theory of natural
selection

Kimura's neutral theory
Region insertion & deletion
Transposons

Whole-genome duplication
Chromosome reorganization
Ex. HOX genes

Transcription factors that
induce segmental structure
Four HOX clusters present in
mammals




HOX Al

Human GACAATGCAAGAATGRACTCCITCCTGRAATACCC—--CATA
Chimpanzee GACAATGCAAGAATGRACITCCITCCTGRAATACCC—--CATA
Mouse GACAATGCAAGAATGRAACTCCITTCTGRAATACLCC—--CATC
Rat GACAATGCAAGAATGAAC[ICCITTCTGEAATACLC---CATC
Dog GACAATGCAAGARTGAGC[ICCITCCTGEAATACLC---CATC
Chicken GACAATACTAGGATGAACTCCITCITAGAGTATGEC-—--AATT
Green spotted puffer —-ACAATGCCACAATGAGCRAGCITCITAGATTACIC---TGETG
Zebrafish GAAGATGACACAATGAGCACATTCTITAGATITTICGTCCATA
Translatione >
In MRNA, Synonymous MetRAsnSerPheLeuGlulyrpPro Tle
T becomes U substitution A TGAACITCCIITCCTGEAATACCCC — ATA
AGCITTITTAGAGTAT BTC
F s 5006, ATT
Large-scale Genon_‘Ie
f;‘;‘;fgcl%gﬁg;iss'”gr Non-synonymous SerThr AspPhe Val
rress, p2a substitution AGCRACA GATTTT GTG

e Harmful mutations are eliminated by natural selection. (Darwin's theory of natural selection,
1859)

e DNA retains not only mutations advantageous to survival. Rather, neutral mutations with no
effect are predominant. (Motoo Kimura's neutral theory, 1968)
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GAAGATGACACAATGAGCACATTCTTAGATTTTTCGTCCATA

—ACAATGCCACAATGAGCAGCTTCTTAGATTACTC---TGTG

PoeNNPINNEERENRERP>IRENNENRERED >N

XX | x

GAAGATGACACAATGAGCACATTCTTAGATTTTTCGTCCATA

:F Kasahara and Morishita, 2006, Large-scale Genome Sequence Processing, Imperial College Press, p.246




The Fossil Record and Molecular Clocks

Pauling and Zuckerkandl, 1962

e Studied the number of substitutions
in the 141 amino acids in
hemoglobin a chains.

Fossil record indicates strong
correlation between time of
divergence and rate of substitution.

Suggested that the rate of
substitution is more or less uniform

==2> Calculation of date of
divergence from rate of substitution

Our current understanding is that:

The molecular clock is not
necessarily accurate.

Because the mutation rate varies
with lineage and is not uniform.
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Using Mitochondrial DNA

Almost entirely matrilineal, making it easy to trace ancestry. (Some
patrilineal.)

c.16,500 base pairs in all
Human and chimpanzee (diverged c.5 million years ago)
Differences in mitochondrial DNA genes of about 9%

(in nuclear DNA, about 1%)

Authoritative calculation of date of divergence in tens of thousands of
years

Alan Wilson, 1987
Produced a genealogical tree from the mitochondria of 147 persons.

Our ancestor is an African woman from 150,000 to 290,000 years ago
(the Mitochondrial Eve hypothesis).

1991: 5,000-year-old mummy found in the Alps (the "lceman").



I Figures from Seimei Kagaku ("Life Sci "),
Chromatin Structure, ¥ 2nd rev. o, Yorosha, 3008, Figures 4.6, 7,
Tra n SC ri pt i O n a n d EVO | ut i O n DNA Methylation and Epigenetics

w2z ooy /AORWD

Wl | J

Histone
Assembly methylase
\ 4

Octameric
histone core @

e ) nBB0Y g0
structure O Q & ARl i | 4/ b Methylated DNA
N ==

(.‘ (.‘ ( Transcription Acetylase

Methylated DNA binding

Histone :
Transcription < Acetylase > Protein complex l

factor

[\ 7 ( 7 { 3 factor i
falaYatay 4 Methylated histone
Nucleosome ala(a(alale 30 nm A\ \' Bindi i
e inding protein
superhelix 000 . 2 O ) O ) 9P
\ 5 Promoter
Full metaphase C L v_ ) 1,:100 nm N
chromosome  ( ) ¥ ' ;
Histone H3  N— ARTKQTARKSTGGKAPRKQLATKAAf{I.(gAP ------ —C
14 1718 23 262728 —
o [ ] [ ] [ ] [ ] [ ] 9 K : LYSIne
HistoneH4  N—SGRGKGGKGLGKGGAKRHRKVLRDNIQG - —C R :Arginine Heterochromatin formation
1 3 5 8 12 16 20 g Serine
() ° 3 U = . i *
Histone H2A N—S - K- K-§- K - —C . :E\/lg;—c:\%;attig)nn
] 8 ¥ e % - Phosphorylation Transcription inactivation
. e ® o ® : Ubiquitination
Histone H2B  N— I;C L K =fp-R =i . a . Epigenetic regulation of expression




Chromatin Structure,
Transcription and Evolution

N

Occurrence of
nucleosome
cores in killifish
genome
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Chart from Sasaki et al., 2009, Science, 323(5912), 401-404



Chromatin Structure,
Transcription and E '
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Chart from Sasaki et al., 2009, Science,
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Can Whole-Genome Duplication
Be Confirmed?

* The human genome has up to 300,000 base
pairs where Hox genes have clustered.

* This represents a tiny fraction of the entire
human genome (around three billion base
pairs).

* Compare entire genomes.



Traces of Two Whole-Genome Duplications
Detected in Vertebrate Lineage

Human chromosome 7

The chart plots chromosomal paralogue (genes with similar
sequences) found of genes in human chromosome 7.




Figure removed due to
copyright restrictions

Nakatani et al., 2007 , Genome Res., 17,
1254-1265
supplemental research data
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Figure removed due to
copyright restrictions

Nakatani et al., 2007 , Genome Res., 17,
1254-1265
supplemental research data
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The chart plots killifish orthologues (genes with similar
sequences) found of genes in human chromosome 7.
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Charles Darwin (1809-1882)




A History of Life and the

Universe, in Three Volumes
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Naruya Saitou, £ de Wakaru Jinrui no Shinka(Evolution of the Human Race -
+ which is Understood with Pictures), Koudan Sha, 20009. Illustrations: Saori Yasutomi



"It took at most 100 million years
for the Earth to cool down." A Alpha rays Beta rays
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200 Million Years of Continental Drift

Naruya Saitou, £ de
Wakaru Jinrui no
Shinka(Evolution of
the Human Race
which is Understood
with Pictures),
Koudan Sha, 2009.

Illustrations: Saori Yasutomi
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Mammalian Genealogy
(Past 100 million years)
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Primate Genealogy g
(Past 50 million years) "
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Hominoid Genealogy
(Past 20 million years)

k b (Homo sapiens)
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The Heart of
Evolution
DNA

accumulates
mutations

while

undergoing

repeated self- .
replication. *




Difféi‘éni: -I\-?Iic_romutatAions

| b

Nucleotide replacement

A | ‘sll—l-ﬁ"l'.‘
Original sequence:

et o 1 Ll —y—_

New sequence:

ALK ] wytey

ACCTATTTTGCTG

ACDT&I'I'ITCI)TG

Nucleotide insertion

L § —1 L1 e

Original sequence:

[ - I 4 -

New sequence:

|y = N S A .

|ACCTATTTTGCTG

ACAGTTATTTTGCTG

Nucleotide deletion

T v ot Ll desege

Original sequence:

New sequence:

|ACCTATTTTGCTG
il
AXCTATTACTG




Mutations Accumulating in DNA

AAACGTCGCG

AAGCGTCTCG AAGCGTCTTG

9(:}/'v
AAGCGTCTCG
5A G T aaccercree

DNA of ancestral

life form AAGCATCTCG AAGCATCTTG
AAGCATCTTG
9CoT TCo6 |
AAGCATCTTG

AAGCATCTTG
1A—C 1C—>T g TAGCATCTTG
CAGCATCTTG<
CAGCATCTTG
DNA of current

life forms
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What Is a Genome?

 Agenome is the sum of its genes and its
chromosomes. (Hans Winkler, 1920)

 Functional definition: The minimal set of

genes required for the life of an organism.
(Hitoshi Kihara, 1930s)

e Structural definition: The largest self-

replicating unit of nucleotide sequences.
(Naruya Saitou, 2004)



Human Chromosomes
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Human genome

3 billion nucleotides
22 autosomal chromosomes and
2 sex chromosomes

22,000 to 50,000 genes
ABO blood group gene
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From Chromosome to Nucleotide Sequence:
The ABO Blood Type Gene

CCE N T - NN T D chromosome 9

S T

oBP2B LcNiLt  ABO SURF6

9034.

|
/\
ABO blood type gene

Exon 1 Exon 7
ol —— | — — - —

T

gcctgecttgcagATACGTGGCTTTCCTGAA

¥ Naruya Saitou, Genomu ha Koko made

Kaimei Sareta(What We Know of Intron 6 Exon 7
Genomes), Wedge, 2007.



Splicing (Exon Patching)

Intron
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Direction of Flow of Genetic Information
(The central drama of molecular biology)

R Transcription D

Translation N ~—— N
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A Reverse A
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3D Structure of ABO
Blood Type Enzymes

(Patenaude et al, 2002) ’>
\ ad

i

Reprinted by permission from Macmillan Publishers Ltd:
Sonia I. Patenaudel, et al,,

Nature Structural Biology 9, 685 — 690, copyright (2002) \_/



Structure of ABO Blood Type Antigens

The ABO gene produces glycosyltransferase

N-acetyl galactosamine

(w/ tail) to cell surface
Type O _a‘ntigen Enzyme A U102 4 GGl

f—»m@z@@m
Enzyme B Type B antigen

Sugar chain attached to

cell-surface protein m - )
to cell surface

Galactose
(no tail)



Frame-shift mutation caused by the deletion

of one nucleotide (X) in the O allele

Nucleotide sequences:

A AAGGATGTCCTCGTGGTGACCCCTTGGCTGGCTCCCATTGTCTGGGAGGGCACATTCAAC
B G

0 X G

Protein amino acid sequences:

A/B KDVULVVTZPWILA
W

P I VW G T F N
O KD VULVYV P L G L P L S R A HST

E
G
The differences (+) in two amino acids conferring a difference in enzyme

activity between transferase A and transferase B, and the differences(!)
between two nucleotides in gene A and gene B causing that to happen

Genetic nucleotide sequences:

A GATTTCTACTACCTGGGGEEEETTCTTCCEEEEETCGETGCAAGAG
B A C

| |
Enzyme protein amino acid sequences:
AADFYYLGOGZFUEFGSGSV QR

B DFYYMGATFZFGSGSVQR
- +

(Fumiichiro Yamamoto et al., Nature, 1990)



Synonymous and Non-synonymous Substitution
in Protein Translation Regions

Synonymous substitution:
Nucleotide substitution (neutral only)
that does not modify amino acids

Non-synonymous substitution:
Nucleotide substitution (neutral and selective)
that modifies amino acids



Differences in the Function of ABCC11 Gene Product
Are the Cause of the Differences in Earwax
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Yoshiura et al (2006)

Dry (function-less)
resulted from
moist (functional)
with modification
of a single amino
acid

Yoshiura et al (2006)

F Reprinted by permission from Macmillan Publishers Ltd, Nature Genetics 38, 324 — 330, copyright (2006)



Evolutionary Rates of
Synonymous and
Non-synonymous
Substitution

Mutation
disappea

Mutation rate=

~ “Evolutionary rate of
purely neutral
evolution

Synonymous Non-synonymous
substitution substitution

Purifying Positive
selection selection



Synonymous/Non-synonymous Substitution Ratio
in Comparison of Human and Mouse Genes

Saitou, Genomu Shinka-gaku Nyuumon(Introduction to Genome Evolution), 2007

2.0

Non-synonymous

/ substitution =

15 : Synonymous
substitution

0.5

uonnnisqns snowAuouAs-uon

:F Naruya Saitou, Genomu Shinka 00 -
Gaku Nyuumon(Introduction to 0 05 ! 1.5
Genome Evolution), Kyouritsu

>huppan, 2007 Synonymous substitution



Entire human genome (3.2 billion nucleotides)

-Genes and gene-related regions (1.2 billion nucleotides)

[-Genes (48 million nucleotides) <-- Just 1.5% of the whole

LGene-related regions (1,152 million nucleotides)

L.Regions between genes (2.0 billion nucleotides)

~-Dispersed repetitive sequences (1.4 billion nucleotides)

['Long dispersed repetitive sequences LINE (640 million nucleotides)
[-Short dispersed repetitive sequences SINE (420 million nucleotides)

LOther repetitive sequences SINE (340 million nucleotides)

LOther intergenic regions (600 million nucleotides)
FMicrosatellites (90 million nucleotides)

LNon-microsatellites (510 million nucleotides)

International Human Genome Sequencing Consortium (2004)



Entire human genome (3.2 billion nucleotides) Almost entirely junk DNA

-Genes and gene-related regions (1.2 billion nucleotides)
| Almost entirely junk DNA

[-Genes (48 million nucleotides) <-- Just 1.5% of the whole

LGene-related regions (1,152 million nucleotides)

Almost entirely junk DNA
L.Regions between genes (2.0 billion nucleotides)
Almost entirely junk DNA
~-Dispersed repetitive sequences (1.4 billion nucleotides)

Almost entirely junk DNA
~Long dispersed repetitive sequences LINE (640 million nucleotides)
| Almost entirely junk DNA
~Short dispersed repetitive sequences SINE (420 million nucleotides)
| Almost entirely junk DNA
LOther repetitive sequences SINE (340 million nucleotides)

Almost entirely junk DNA
LOther intergenic regions (600 million nucleotides)
Almost entirely junk DNA
FMicrosatellites (90 million nucleotides)
| Almost entirely junk DNA
LNon-microsatellites (510 million nucleotides)
Almost entirely junk DNA

International Human Genome Sequencing Consortium (2004)




Mouse—Rat Differences in
Intergenic Regions
and in Synonymous Sites

Regions Sites Nucleotide
Compared compared Substitutions

Intergenic regions 27,931, 288 0.15 ~ 0.16
Synonymous sites 955, 105 0.16 ~ 0.17

Naruya Saitou, Genomu Shinka Gaku Nyuumon(Introduction to Genome

Evolution), 2007.
Source data from Abe et al (2004)

The bulk of our genome is the product
of neutral evolution!



Prof. Motoo Kimura and
his paper outlining neutral evolution theory (1968)




How the Neutral and Natural Selection
Theories Differ
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All mutations == theory
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;|; Naruya Saitou, £ de Wakaru Jinrui no Shinka(Evolution P o o "
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Illustrations: Saori Yasutomi
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Genes That Evolved Non-neutrally

* mmunological system genes

* Viral genes that attack host immunological systems
 Some cell-surface molecules (e.g. blood type)

* Genes for plant systems that prevent self-fertilization

e Surface proteins in marine animal sperm (differentiation
from other species)

e Causative protein in snake venom



Proportion of Neutral Mutations at Three Levels
as Reckoned by Many Researchers

DNA level

Protein level

Macro phenotype level

True natural selection




Proportion of Neutral Mutations at Three Levels as Reckoned by Me

DNA level

Protein level

Macro phenotype level

True

Neutral

selectio




Comparative Analysis of Human and
Anthropoid Genomes




PAR1 {E.?Mb]. . T

X-transposed region ( 3.7 Mb )

HSAYp
PTRYq The region analyzed in this study

Centromere (1 Mb ) P
=4 200Kb duplication

HEAYq PTRYp chimp Yp palindrome region

§ PTRY PTRY total length ~23 Mb
\
\
\
Heterochromatin { ~30Mb }§
\
\
\

PAR2 ( 0.33 Mb ) >
HSAY ~60 Mb
Reprinted by permission from Macmillan Publishers Ltd: Kuroki et al (2006)

Nature Genetics 38, 158 — 167, copyright (2006)



+ Reprinted by permission from Macmillan Publishers Ltd:
Nature, 413, 519-523, copyright (2001)

Pedigree of a family 1 2
e xhibiting e

language disorder

(Lai et al., 2001)
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Figure 1 Pedigree of the KE family. Affected individuals are indicated by filled symbols.
Asterisks indicate those individuals who were unavailable for genetic analyses. Squares
are males, circles are females, and a line through a symbol indicates that the person is
deceased.




A Language Gene?
The Structure of the FOXP2 Gene

7ot

- PolyQ _Fox ] Ef,

1 2 3 3a 3b 45 B 7 8 910 111213 141516

D [ T N | I S | i I | I H | | i

B L L " L I
HEQ atg
NH0095P09 200 5p
RG250D13
NHO563005

Approximate location in human genome:
Human chromosome 7, on the long arm (q)

Reprinted by permission from Macmillan Publishers Ltd: Lai et aI 2001
Nature, 413 519-523, copyright (2001) T ( )



Did Changes in Amino Acids of the FOXP2 Protein
Contribute to Capacity for Language?

00T

5 Chimpanzee

:,-' "\1}'// e_/ :,/““

Gorilla
”’ 95

177,
A ~: Orangutan

Human
EF

F Illustrations: Saori Yasutomi



Reverse-Nested Structure of
the Human Genome

Human Genome




Reverse-Nested Structure of
the Human Genome
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Reverse-Nested Structure of
the Human Genome
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Reverse-Nested Structure of
the Human Genome
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Reverse-Nested Structure of
the Human Genome
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Reverse-Nested Structure of
the Human Genome
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Reverse-Nested Structure of
the Human Genome

e

Primates; —— §

Mammals — ,lA

Vertebrates; : _
Eukaryotes; e 5

»
Bacteria N -~ V ‘\
M A( -
\J R N
& T
.
’I
|




Reverse-Nested Structure of
the Human Genome

Human Genome.
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DNA Regions Considered Evolutionarily
Significant in All Mammals
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Humans and Other Life Forms
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Humans and Chimpanzees,
and the Rest?
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Humans and Large Anthropoids,
and the Rest?
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Genomes and Evolution:

L1f'e Ascen dent from Genomes
by Naruya Saitou

+

Naruya Saitou,
Genomu to Shinka
— Genomu kara
Tachinoboru
Seimei (Genomes
and Evolution —

e ecodert Shin'yosha (2004) § ezl

Shin'yosha, 2004.




Published March 2006
The lwanami Shoten Evolution

Series Vol. 2

Idenshi to Genomu no Shinka
(Evolution of Genes and Genomes)

Hajime Ishikawa, Noriyuki Sato,
Mariko Hasegawa and Naruya Saitou, eds.

Introduction by Naruya Saitou

Chapter 1 The Mechanism of Genetic Evolution, by Naruya Saitou
Chapter 2 The Evolution of Proteins, by Hiroyuki Toh

Chapter 3 The Evolution of Bacterial Genomes, by Ichizo Kobayashi

Chapter 4 The Evolution of Multicellular Organisms, by Takeshi
Kawashima and Noriyuki Sato

Chapter 5 Ancient DNA, by Shintaro Ueda and Naruya Saitou
Chapter 6 The Role of Bioinformatics, by Takashi Gojobori



Published March 2007
Naruya Saitou, ed.
Genomu ha Koko made Kaimei Sareta
(What We Know of Genomes)

(Wedge Sensho)

“An Integrated Understanding of Matter and Life as Disclosed by
Genomes,” by Akiyoshi Wada

“Decoding the Human Genome, and Metagenomes,” by Yoshiyuki
Sakaki

“Genomes and Animal Body Formation, and Gene Networks,” by
Noriyuki Sato

“Tracing to Humans the History of Life Written in Genome
Sequences,” by Naruya Saitou

A Genomics Roundtable: "From microorganisms to Neanderthals"
(Asao Fujiyama, Shohei Hattori, Shin'ichi Morishita, Naruya Saitou)



Introduction to
Genome Evolution,
by Naruya Saitou
Kyouritsu Shuppan
(2007)
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Up Next on Friday, May 1:
"What Our Genome Says about the
Origins of the Japanese"

Naruya Saitou
DNA kara Mita Nihonjin
(The Japanese in Terms of DNA)
Chikuma Shinsho, 2005




