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要旨

A deep understanding of the structural characteristics of living orgamisms requlreS
●

exhaⅥ･stive analyses of the DNA sequeACeS that serve as the blueprint for orgamic architecture.

One of the characteristics of genomic DNA is latent periodicity in base palr Organizationﾅthe
●

elucidation of which may play an important role in revealing basic genome architecture and

provide a way to discriminate species on the basis of there sequence alone. For this thesis

work) I performed analysis of the periodicities in the nucleotide sequences of several

prokaryotes, CTaenorhabditz's elegans, AITabidopsis thaliana, Drosopht'la melanogaster, Anopheles

gambt'ae, and Homo saptens,with a methodology based oA POWer SPeCtra. Power spectrum
●

analysis iswidely used in physics, especially in slgnal recognition theory, to measure the
●

periodicities of sound and light signals. The application of this methodology to analysis of DNA

Sequences has lead to the finding of long-range correlations in ge皿0mic I)NA. To characterize

periodical reg10nS in genomic DNA, I proposed that the periodic nucleotide distribution is
●

represented by a parameter Fk COmPuted as the frequency of periodic palrS SeParated by k
●

nucleotides. For the C. elegans genome, a periodicity of 68 bp was found on chromosome I, a

59-bp periodicity was found on chromosome II) and a 94-bp periodicity w･as present on

cbromosome III. For A. 1haliana, I detected three periodicities (248, 167, and 126 bp) on

chromosome 3, three (174, 88, and 59 bp) on chromosome 4, and four (356, 174, $8, and 59 bp)

on chromosome 5･ These findings are consistentwith open readingframes encoding Gly-rich

sequences. Additionally, in the human genome, 84- and 167-bp periodicities were detected on

chromosomes 21 and 22･ A periodicity of 167 bp is identical to the length of DNA that
●

comprlSeS tWO COmPlete helical turns in a nucleosome. For D. melanogaster and A. gambiae,

the G and C ,Spectra containedflat reg10nS in themiddle frequency) which indicates
■

randomness of the base sequence composition. Sudlflat reglOnS have not been observed in
●

Saccharomyces cenevisiae) C･ elegans) A･ ihaliana! or H･ saptens･ The preseAt Study goes beyond
●

the simple analysis of periodicalcorrelations and attempts to clarify the biologicalaBd

physiological implications of the genomic structure･
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1. Imtrodu.ction

1.1. Fractals in nature

Fractal geometry is thefundamental design of nature. Most of natural configurations, such as

clouds, mountains, coastlines,and trees, can be explained by self-similarity. To sxplain these

configurations, Mandelbrot (1 982) proposed thefractal concept of self-similar structures;the

components of a structure resemble the whole structure. Thefractal concept also exhibits

scale-invariant geometrical featuresand can be found by the power-1aw･ Basica11y, numerous

power-1aw correlations in nature show self-similarityand are typically called "long-range

correlations." A power-1aw has also been observed in the realm ofbiology. It was recently reported

that the complexities of metabolic networks, including enzymesand metabolites, protein-protein

interactions, and genetic relations included in some paralogous families, are described by

power-law (Jeong et al., 2000; Jeong et al･, 2001 ; Luscombe et al･, 2002)･

Fractal geom叫y construction is illustrated in Figure l a･ First, 1et us consider a copy machine

that is equlPPed with an image reduction feature･ Ifwe takeanimage ofthe word "GENE," put it

on the machine,and push a button, we obtain a copy ofdle image･ However, it is reduced uniformly

by a factor of l/2 (50%). The copy is similar to the original. Such reduction is achieved by a lens

system. A machine with three reduction lenses, each reducinganimage by 50%, generates a

triangle fTormofthe word "GENE" (see Figure la). A鮎r some iteration, the word "GENE" forms

4



self-similar triangles (see Figure l a). This geometry is a famous &actal patternknown as the

sierpinski Gasket. Chromatin packing based on current ideas is i11ustrated in Figure lb. The DNA

helix is the fTlrSt COil. It tums twice around a histone core unit, and histone cores are attached to each

other by DNA linkers (see Figure lb). A nucleosome consists ofthe histone core, the linker, and the

DNA helix. Histone Hl attaches nucleosomes to each other, and the strand is 30 nanometers (rm)

thick (see Figure lb). The next order ofchromatin packing is provided by folded loops in the 30-nm

strand. This is 300-nm thick｡ The 300-nm strand, which contains the looped domains, forms a

chromatid spiral. In the spiral, some regions are compacted more tightly than others.When a

chromosome is extended, as during prophase stages of meiosis, it appears to compnse different

sizes of condensed chromeres and less condensed reg10nS between them. In this marLner, the

coiled-coil structure generates self-similarity.

Genome DNA sequences are important targets for investigations of fiactal properties｡

Long-range correlations are found in DNA sequences (Li and Kaneko, 1992; Peng et al･, 1992;

Voss, 1 992).Leng-range correlation means that the base composition tends to vary in a similar

mamer in regions ofthe DNA sequence separated by very long distances (Li et al･, 1994)･ TLe

typical study of long-range correlations is applicable for numerical sequences xj (e.g. ifbase 'A'

occurs at positionj along the DNA strand, xj = 1, otherwise xj = 0)･ The correlation between

sequences xj and xj'l SeParated by l bases was examined, and significant correlations were obtained

for lO bp to lOOOO bp･ This correlation is observed prlmari1y in intronic reglOnS; the correlation in

exomic regions is unclear (Li and Kaneko, 1992; Peng et al., 1992; Voss, 1992). In contrast, Azbel
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(1 995) suggested that there are no long-range correlations in genomic DNA sequences･ However,

most studies have indicated that long-range correlations are present in both protein-coding and

non-coding sequences.Leng-range correlations in DNA sequence have been examined by many

methods. The autocorrelationfunction (see Section 2. 1) is the direct measure of correlations in

DNA sequences (Herzel et al., 1998). To clarifythe length of long-range correlation ofa given

DNA segment, Vie血(1 999) studied long-range con℃1ations in 1 3 bacterial genomes by

autocorrelationfunction and power spectrum (see Section 2･2)･ These methods detected a hidden

periodicity. For lower丘equencyf(1/bp) (see Figure 2), the power spectrum presents a power-1aw

behavior with exponent approximately equal to -1 (corresponds to l/fnoise)･When a cutoffof the

power-law in DNA exists in highfrequencies (Figure 2, 1eR), the spectrum is called `partial

power-law.'Asa result, the power-1aw correlation is not always found across the entire DNA

strand (Vieira, 1 999). Buldyrev ei al. (1 995) observed the different properties of coding and

noncoding sequences by power spectrum and reported that detrendedfluctuation analysis (Peng et

al. , 1 994) discriminates the pseudo-correlation propedyfrom the real correlation property･

Detrendedfluctuation analysis is a powerfu1 method adapted speciflCally to deal with

non-stationary processes. Tbe statistical property ofthis process is not invariant under a shiftof the

time origin. Li et al. (1998) investigated the correlation between xjand xj+1 0f 16 complete yeast

chromosomes by power spectrum･

T血e biological and physiological signiflCanCeS Of periodicity, including long-range correlation,

1n genomes are unclear･ Power spectrumanalysis would be helpfu1 for examlnlng long-range
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co汀elations弧d detec血g pedodicity in DNA sequences･ h也e present s山dy, I examined

periodicities and long-range correlations in DNA sequences by power spectrum analysis･ The

power spectrum corresponds to the square of the Fourier transformation (Section 2･ 1),and the

power spectrum is more suitablethan correlationfunction because of the highcalculation efficiency･

There is a relation between power spectrum and autocorrelation･ The Fourier transformation of

power spectrum corresponds to the autocorrelationfunction, and the inverse Fourier transformation

of autocorrelation corresponds to power spectrum as put forth by the Wiener一馳inchin Theorem･
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word "GENE･" (b) diagram of different orders of chromatiJI paCking (Fig. 8-24 from Alberts
et aL, MolecularBiology of tlle Ce11, 1983).



1.2. Periodicity in DNA

Since the early 1 970s, biologists have tried to distinguish protein-codingand non-coding

reglOnS in DNA sequences･ They have also tried to identify translation initiation sites to determine

protein-coding regions in DNA sequences･仙ree-base periodicity in DNA has beenused to detect

protein-coding regions (Fickett, 1 982)･ Shepherd (1981 a) hypothesized that most mature mRNAs

have a strong rhythms with 3-bp periodicity. This phenomenon has been associated with the

statistical properties of coding sequences, such as codonusage bias (Staden, 1 990), base

composition ofprotein-coding regions (Gutierrez et al. , 1 994),and distributions of

purines/pyrimidines (Shepherd, 1981a, b). Periodicities of lO to l l bp were reportedinbacterial

genomes on the basis of a correlationfunction (Herzel et al･, 1 999)and analysis of dinucleotide

pairs (Tomita et al., 1999).

Genomic DNA contains repetitive sequences･ Repeat sequences are organized physically into

tandem arrays of simple sequences that are widely dispersed within a relatively longunit･

Repetitive sequences yield various periodicitiesingenomes･ Thefunctions of repetitive sequences

in disease and higher-order structures are reviewed inthe followlng･

Minisatellite and satellite DNAs

Mt'1u'saiellite DNA

Minisatellites are typically O.5 kb to several kb regions composed of sequences,and are found

in a wide variety of species from bacteria to humans. Minisatellite repeats are thought to contribute
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to genomefunctions associated with polymorphism, gene expression, recombination,and

mutability.

Some minisatellites are found on open reading &amesand may or may not be polymorphic in the

human population (Boisand Je放eys, 1 999). Minisate11ites locatedinthe 5 'untranslated region of

genes may participate in regulation of transcription (Kennedy et al･ , 1 995)･ Others located within

introns can interfere with splicing (Turriet alJ995). Minisatellites in imprinted loci are thought to

play a role in imprint control (Chaillet et al･, 1995; Neumann et al･, 1995)･ Minisatellites have been

proposed as intermediate in chromosome pairing initiation in some eukaryote genomes (Ashley,

1994, Sybenga, 1 999), which might be related to their proposed recombinogenic properties (Boan

et al. , 1 998; Wahlsand Moore, 1 998). Minisatellites may constitute chromosome &agile sites

(Sutherland et al. , 1 998) and have been found neara number of common translocation breakpoints

and in the switch recombination sites in the immunoglobulin heavy chain genes (Brusco et al･ ,

1999). The high degree of length polymorphismamong minisatellites suggests that they are rapidly

evolving sequences, and newly mutated alleles have been observed in several loci･ Roughly 300

humanminisatellites have been typed across fami1ies (Nakamura et al., 1987;Amour et al･, 1990;

Armarger et al. , 1 998) and approximately ten forms have been classified as hypermutable･ All

hypermutable minisate11ites characterized so far possess internal variants (Jef&eys et al., 1 991 ;

Buardand Vergnaud, 1994)･

Satellt'te DNA

Satellite DNAs are tandemly repeated sequences, organized in long, typically megabase
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(Mb)-sized arraysand are located in regions of pericentrometric and/or telomeric heterochromatin

(Charlesworth et al･, 1 994)･ In kangaroo rats (Dlbodomys ordii)and beetles (丘om the coleopteran

family Tenebrionidae), satellite DNAs comprise the majorityof the genomic DNA (Hatch and

Mazrimas, 1 974). Satellite DNAs are associated with complex organizational features, such as

heterochromatic compartments for proper chromosomal behavior in mitosis and meiosis, necessary

for thefunction of eukaryotic genomes (Csink and Henikoff, 1 998). Satellite DNAsare major

constituents offunctional centromeres in humans (Schueler et al., 200 1). Centromeric satellite

differ sequence even among closely related organisms, and these differences are reflected as

changes in corresponding centromeric histones, such as CENP-A in marrmals and Cid in

Drosophila (Henikoffet al., 2001). Satellite DNAscanincrease in copy number by replication

slippage, rolling circle replication, conversion-1ike mechanisms, or other presently unknown

mechanisms in relatively short evolutionarytime (Char1esworth, 1 994).

Microsatellites composed of simple tandem DNA repeats

Genomes contain simple tandem repeats of mono-, di-, tri-, tetra-, and penta-nucleotide repeat

units･ Many slmPle tandem repeat sequences in hum弧POPulations are polymorphic in copy

numberand have been uti1ized widely for study of the humangenome. Many of single tandem

repeats have imperfections in the repeat unit, and the degree of instabilityof such repeats is directly

related to the length of the perfect repeat (Weber, 1 990). Sequence-specific DNA-binding proteins

have been identified for di- and tri-nucleotide repeats (Richards et al. , 1 993),and one type of repeat

can act as the preferred site for nucleosome assembly in viiro (Wang et al., 1994). Simple
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由nucleotide tandem repeats can undergo dynamic mutation･ Dynamic mutation is change of the

genetic material that occurs over several generations (Richards, 1 993)･ Three trinucleotide repeats

(AAC, CCG,and AGC repeats) oRen undergo dynamic mutation that results in disease, and

homopurinen10mOPyrimidine repeats formunusual structures, including triplexes and hairplnS, by

intrastrand interactions of purine stretches. NGG repeats form tetraplex structures･ The structures

genomefunctions?and diseases caused by repeats are summarized in Table l ･

(a) Hom opwt'n抄免om opyrimL'dine sequences

Homopurine瓜omopyrimidine DNA sequences are widely distributed in eukaryotic genomes,

and they block DNA replication by the formation of triple helical structures (Rao, 1 996)･

AmpliBcation of ce11ular DNA may be regulated by homopurinenlOmOPyrimidine sequences (Rao

et al., 1988; Lapidot et al., 1989; Baranet al., 1991).lmperfect repeats ofGAAG that are larger

than1 00 bases in length can forma triplex DNA structure through Watson-Crick and Hoogsteen

base pairings. Such sequences are associated with recombination hot spots (Wells et al･ , 1 988)･ AG

repeats are homopurine sequences and are associated with triplex DNA formation･ Tbe d(GA/TC)22

sequence canformtwo conformers: a pyr/pur/pur triplex (referred to as *H-triplex) and pur/pur

hairpin (*H-hairpin), depending on the zinc concentration (Beltran et al. , 1 993)･ GAA repeats can

also form intramolecular triplex DNA structures (Hanvey ei al. , 1988).

(b) A C repeats

AC repeats on one DNA strand and the corresponding GT repeats on the complementary

Strand are the simplest and most common repeats. Instabilityof the AC repeats is proportional to
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the length of repeat (Weber, 1 990). AC repeats caninduce the Z-conformation ofDNA (Hamada et

al., 1984).

(c) CCG repeaLs

CCG repeats comprlSe One grO叩Of丘agile sites and may occur in excess of lOOO copleS･

Fragile X symdrome is a genetic disease associated widl eXPanSion of the CCG trinucleotide repeat

in the 5'-untranslated region ofthe FMRl gene (Verkerk et al･, 1991; Kremer et al･, 1991; Yu et al･,

1 992). The following mechanism has been proposed for CCG repeat expansion･ The change &om

pre tofu11 mutation occurs during oogenesis, the mutation is transmitted via the ovum,and the

expansion becomes unstableand breaks during the very early postzygotic ce11 divisions･ In males,

the length of the repeat is reduced or remains withinthe permutation range during spermatogenesis

(sutherland et al. , 1 995). CCG repeats formunusual structures such as hair-pins in single-strand

DNA (Mitas, 1997) and slipped-strand DNA structures (Pearson and Sinden, 1996; Pearson et al･,

1997).

(d) A GC yepeals

AGC repeats are involved in a number of neurological disorders･ They canexpand to high

copy numbers when in the 5'untranslated region of a gene (as in myotonic dystrophy),and in

coding reglOnS in which the copy numbers are typica11y less than l OO repeats･ Several human

neurological disorders such as myotonic dystrophy (Spara et al･, 1991 ; Brook et al･, 1992) and

spinobulbar muscular atrophy or Kennedy disease (La Spada et al. , 1 991)訂e due to mutation of

AGC trinucleotide repeats･ An excessive number of AGC repeats in codons is associated with
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x-1inked spinal and bulbar muscular atrophy (La Spada et al. , 1 991), Huntington disease

(Huntington Disease Co11aborative Research Group, 1 993), type l spinocerebellar ataxia (Orr et al･ ,

1 993), dentatorubral-pallidolusianatrophy (Koide et al. , 1 994), and Machado-Joseph disease

(Kawaguchi et al･, 1994)･ AGC repeats also formhairpins in single-stranded DNA, slipped-strand

DNA stmctures.

(e) CAA repeals

Hereditary nonpolyposis colon cancer is caused by l -base deletions in a reglOn COntaining

three direct CAA repeats through polymerase errors that persist as a result of a deficiency ln

mismatch repair･ A slipped mismatch-repalr meChanism has been proposed to account forthe

observed mutations in this repeat sequence (Bissler et al. , 1 994).

a) NGG TePeatS

All three NGG-repeats (CGG, TGG,and AGG) formtetraplexes, and the stabilities of these

tetraplexes decreaseinthe order (AGG)20 > (TGG)20 > (CGG)20 (Usdin, 1 998)･

Long interspersed nuclearelements (LINEs) and short intersperse nuclear elements (SINEs)

In vertebrates, most transposable sequences are LINEs and SNEs (Lander et al. , 2001 ; Venter

et al., 2001). LINEs comprise approximately 20% ofthe human genome, and SNEs such as Alu

and MIR elements in murineand humancells that are clearly capable of transposition in genome,

suggesting that these elements are active transposons (Dombroski et al., 1991 ; Naas et al･, 1998).

Unlike LINEs, SINEs do not encode enzymes that explain their mobility, and their transposition

may be due to the enzyme encoded by uNEs (Kajikawaand Okada, 2002).
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Nucleosome structure

Tbe DNA helix is characterized by a repeated structure consisting of lO to l l bp. The basic

structural unit of chromatin is the nucleosome, which contains 147 bp of DNA wrapped in a

1e氏-handed super helix l.7-2.5 times around a core histone octamer (Hom and Peterson, 2002)･

Metazoanchromatin contains additional linker histonesthat bind to nucleosomes and protectan

additiona1 20 bp ofDNA &om nuclease digestion at the core particle boundary･ Thousands of

nucleosomes are organized in a continuous fashion on the DNA helix and are separated by lO to 60

bp of linker DNA. The smallestfunctional unit of chromatin might be the "nucleosomal array,''

which consists of 12 tandem repeats of a 208-bp nucleosome-positioning sequence (Hansen, 2002;

Hom and Peterson, 2002).
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Table 1. Simple tandem repeats (Nucleotide sequences are represented by the direction from

5'- to 3'-termimi. Complement sequencesare represented after '/')･

Core sequences

(double strand)

Genomefunctions including diseases

homopurine/homopyrimidine Triplex DNA structure

(=A/T- G/C- AG/CT-, AAG/CTT-, AGG/CCT-repeatsand so on)

AC/GT

AAC/G TT

(= ACA/TGT; CAA/TTG)

AGC/GCT

(= GCA/TGC, CAG/CTG)

CCG/CGG

(= CGC/GCq GCC/GGC)

GAA/TTC

(= AGA/TCT, AAG/CTT)

AGG/CCT

(= GAG/CTC, GGA/TCC)

TGG/C CA

(= GGT/ACC, GTG/CAC)

Instability in genome is proportional to their perfect

repeat length, Z-conformation of DNA

Hereditary nonpolyposis colon cancer disease

unusual helical structure

neurological disorders

unusual helical structure, tetraplexes

&agile sites,fragile X syndrome

triplex DNA structure

triplex DNA structure, tetraplexes

tetrap lexe s
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l.3. Genome architecture

The concepts of ubase periodicityn and urepetitive sequencesn are different; however,

repetitive sequences influence base periodicity･ Base periodicitycanbe generated byamplification

of core units･ Repetitive sequences including minisatellites? sate11ites? uNEs, and SINEs may be

derived丘om core units･ Paralogous protein coding sequencesand mul也plication of tRNAsand

rRNAscanalso act as core units. The distributions ofcore units appear to be regulated in genomes.

Minisatellites with total lengths greater than l OO bp have a distribution strongly biased toward the

long armof human chromosome 22 in the region ofthe telomere (Vergnaud and Denoeud, 2000)･

Minisatellites similar to the chi sequence of lambda phage (GCTGTGG) are locatedwithinthe

termina1 10% ofchromosome 22 and are present at a much higherfrequency in terminal R bands of

human chromosomes (Amarger et al., 1 998). Chromosome ends appear to be relatively poor in

recombinatory units during human male meiosIS,and the very highmale recombination rates

observed toward chromosome ends. Specific mechanisms must be activated during male meiosis,

and subtelomeric minisatellites appear to be involved in chromosome palrlng either directly or via

interactions with pairing proteins (Ashley, 1 994; Sybenga, 1 999)･ Region-specific low-copy repeats

(LCRs) (Lupski, 1 998) are distinguishedfrom high1y repetitive sequences in the humangenome. In

contrast to other repeats, LCRs often appear to be located preferentia11y nearthe centromeresand

telomeres of human chromosomes (Eichler et al. , 1 999).

17



1.4. Objective of the present study

Computational approaches for identifying protein-coding sequences are available, whereas

identifying regulatory elements or hidden signals in genomic DNA, which is composed primari1y of

noncoding sequences, 1S Very difTICult･ Because power spectrum analysis is very sensi也ve method

for detecting hidden periodicities in a genome, it canbe used to study repetitive sequences

associated with biologicalfunctions and to identifyhidden signals in noncoding sequences･

Recently,the complete sequences of the genomes ofmany organisms have been determined, and

thus, it will be possible to examine speciesISPeCiflC Periodicities and self-similarityin the base

organization ofindividual genomes･ The purpose ofpresent study was to investigate the hidden

periodicities (&om short to long periodicities)ina wide varietyofprokaryotic and eukaryotic

genomes for which complete sequence is available. I used a power spectrum (described in Section

2. 1) and to characterize their periodicities at nucleotide sequence level based on a parameter

(Fi(NIN2); described in Section 2.3). Unique repetitive sequences can be identifled by power

il

spectrumanalysis･ This method also reveals characteristic elements that are not detected by

homology searches because of relatively low levels of sequence homology･

In Section 3. 1 , I characterize short periodicities in view ofperiodicity renected in codon usage

and DNA helical repeat structures in prokaryote and eukaryote genomes. An l l -bp periodicity is

found in eubacteria, whereas a l O-bp periodicity is observed in archaebacteriaand eukarya･ I

discuss this difference in periodicities on the basis of histone and histone-1ike protein structures･
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Next, Ianalyze the longer hidden periodicities, which are species-speciflC, in C･ elegans, A･

thaliana, D. melanogaster, and H. sapiens (in Section 3･2)･ h C･ elegans, 68-, 59-,and 94-bp

periodicities were detected･ I also discuss the centricfunction of wormchromosomes･ In A･

thaliana, ten periodicities were identifled. I found that two periodicities (126 and 1 74 bp) are

related to ORFs that consist of Gly-rich amino acid sequences･ In D･ melanogaster, a common 5-bp

periodicity in adenine and thymine spectrum is present･ I also describe the common periodicities

associated with nucleosome structure in the human genome. In H. sapiens, 167-and 84-bp

periodicities were detected along the entire lengths of chromosomes 21 and 22･ Interestingly,

1 67-bp is the length of DNA that forms two complete helical turns in nucleosome organization･

Moreover, these periodicities were associated with NGG-repeat formlng Self-ass.embly DNA･

The relation offractal propeれy observedinlong-range correlation to gene organization of

genomes is described in Section 3.3. The slope ofthe logarithm ofpower (log SW) to the logarithm

of丘equency (log(乃) is associated with afractal propertyin genomic sequences (Table 2)･ A nat

power spectrum corresponds to a random sequence･ h other words, ifthe slope is O, the sequence is

representative of those produced by random processes. When the slope is close to -1 , the

nucleotide sequence has a characteristic舟actal correlation,and a slope between O and -1 indicates

a long-range correlation, meaning that the self similarity is reflected in the base organization･

Extremeflat spectra in middlefrequencies were observed in genomes of two insects: D･

melanogaster and A･ gambiae･ The slgniflCanCe Of long-range correlation in genomic sequences is
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unclear･ Because DNA sequences show the long-range correlations, it is worth examlnmg the

evolutionary ongln Of genomes･ h Section 3 ･4, I present a model for describing long-range
■ ●

correlation with respect tothe nat spectra of insect genomes･ This model is based on a

mathematical system consisting of three changes: exchange of a nucleotide, expansion of the DNA

sequence, and inserdon of a core sequence･ Tbese changes correspond to mutation, duplication or

slippage,and forelgn gene insertion event, respectively･ Theflat spectra of insect genomes can be

explained by this model･ Tbis thesis provides evidence that periodicity, including long-range

correlation, is common to a11 genomes, suggesting the basic strategy for organization of a genome

in n血re.
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Table 2. Interpretation of the exponent β (Sm ∝fり.

Exponent P interpretation

Brownian motion or random walk

l/f noise (= Fraぬ1s)

long-range correlation

white noise (random sequence)
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2. Methods

2.1. Long-range correlation

The term'power-1aw'can be explained as follows･Let us consider one-dimensional

movement of an object. Tbe object is located at position x(t) at time t･ The correlation between x(t)

and x(t+軌which are separated by time lagちis represented by the autocorrelationfunction

c,(う= (x(t)x(t + T)) (1)

where the brackets (< >) denote the average overthe positions along the time･ When the object is

located in a positive region at both tand i+TOr in a negative region at both tand t+ちCi(うhas a

positive value. Whenthe positions x(t)and x(t+ｶare inversely correlated, C,(ｶis negative･

Statistical independence between positions separated by time lag Timplies that

(x(t)x(t ･ r)) - (x(t))2 ･ In the case that Cj4 is larger than (x(t))2 , Tis called the correlation length･

The relation between G(句and TeXpreSSed in Eq. (2) is referred to as the "power law''

Cx(4 - ix. (2)

In general, most physical processes can be characterized by exponential decay (Cx(ｶ… e-f) of

the correlationfunction Cx(句. Tbis can be explained as follows. Let us consider the magne也sm of

iron. At the atomic level, the magnetization consists of a spin with two states. One state is 'up'(or
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rnagnetic），Whereastheodleris‘down’（OrnOn－magnetic）・Wherethespinsarealignedumifbrmly，

ironistranSformedintomagnetism・Thedegreeoftheorderofthespln餌TayischaraCterizedbydle

correlationfunction・ExponentialdecaymeanSthatcomponentsofasplnPalr，Siand斗，are

separatedbyadistanCeIl，thatisnotcorrelated・ThetranSitionbetweenthemagneticand

non－magneticstatesoccursatacriticaltemperature・However，thecorrelationfunctionisexpressed

byEq．（2）atthecriticalpoint．Thisiscalleddle‘criticalphenomena’（Stan1ey，1971）becausethe

power－1aw（C（匂…Tαwitha＜0）decaysmoreslowlythandoestheexponentialfuncdon（G（カ～

e－う．Suchpower－1awcorrelationistypica11ycalledalong－rangeCOrrelation・Moreover，many

systemsevoIvespontaneOuSlytothecriticalstate，re飴rtoasself・Organizedcriticality（BaketaL，

1988；BakandChen，1991）．Long－rangeCOrrelationsarenOWCOnSideredasslgnatureSOf

Self・Organizedcriticality・¶luS，thelong－rangeCOrrelationisveryimportantforunderstandingthe

behaviorofasystem，forexamPle，nuCleotideorganizationinagenome・

2・2・PowersI）eCtrumanalysis

Thel）OWerSPeCtrumisthetranSformationofasequenceofvariablesinthe“丘equencyspace・”

Ithastheadvant？gedlatanyhiddenorlatentperiodicpatternSeXistingintheoriginaldatabecome

evidentaftertranSformation；hiddenperiodicslgnalsarevisibleaspeaksinthespectrum．Because

thepowerspectrumcanbeappliedonlytonumericalsequences，eaChDNAsequencewas

transformedintoabinarysequenceq・First，thebaseofthejdlPOSitionwasrepresentedbybi，

Wherej＝0，1，2，．．．，N－1andb＝A，T，G，OrC．InthecasethatbaseAistargetedfor
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transformation, ifbJ･ is equal to A, then xj lS Set tO l, otherwise, xj lS Set tO O･ Thus, the DNA

sequence is transformed by binary sequence (Voss, 1992; Vieira, 1 999)･

Consequently, four sets ofbinary sequence are generated &om a DNA sequence･ The power

spectrum of a binary sequence xu of lengthN is by definition

s(f, , - I;"g xy exp(-2m･ufj ,
(1)

where i2 = -1 and frequency withj-base lengthA =jmU = 0,..., N-1). In other words, the power

spectrum is the square ofthe Fourier transformation ofxy･ Fourier transformation is explained as

follows. In general, a process can be described in thetime domain by the values ofsome quantityy

as afunction oftime t (e.g. y(t)). However, a process canalso be described in the &equency domain,

wherethe process is specifled as amplitude Yas afunction offrequencyj; that is ‡切･ It isuseful to

think ofy(t)and糊as two different representations ofthe samefunction･ TLis relation between

y(t)and 】切is the Fourier transformation. The two representations are described as Eq･ (2a)and Eq･

(2b).

y(f) - FJ(t) exp(-2郷)dt

y(t) -仁y(f) exp(22qt)df

(2 a)

(2b)

Eq. (1) contains the discrete transformation ofEq. (2a). When the DNA sequence is regarded as a

time series y(t), Fourier transformation can be used to study the periodicity in genomes･

From Eq. (1), it can be seen thatS(f.) - (xu)2 , wherethe brackets (< ,) denote the average along
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the sequenCe･Asa result, this quantity carries no information regarding the relative positions of the

nucleotides. Therefore, this quanthy was neglected dlrOughoutthe calculations; that is, only

&equencies withj > O were used in the present study･ Because the power spectrum for

subsequences ofreal numbers is symmetric with respect to the axisf= 0･5, the plot ofthe power

spectrum is only forfrequencies in the interval ofO to O･5･

The average power spectrum was computed by

s-(fj , -三sj='}S'/i(D

The power spectrum canbe averaged by calculating it forthe entire sequence ofN points and

plotting it by averaging over n neighboring points. In the present study, Iused a fast Fourier

transformation algoritlm(Cooley and Tukey, 1 965) dlat aCCelerates calculation of the power

spectrum･ The lengthofDNA sequence analyzed should be a power of 2, that is, 2m nucleotides,

(3)

where m is an integer.

Typica11y, the spectrum landscape canbe classified into three types:flat? sharp peaks, and

slope･ Figure 2a, b,and c provide examples ofthe three types ofspectra･ Aflat spectrum is obtained

in &equency range &om approximately lO-3 to o･5･ Two peaks are observed at the &equencies with

た0.091 (= 1/1 1) and O.333 (= 1/3), which correspond to l l-base and 3-base periodici血es in DNA

sequence. A slope spectrum is observed when thefrequency range is smaller than1 0-3 (M,p),

which is associated with &actal property. Computation of the slope of the logarithm ofpower (log

SW) to the logarithm of丘equency (log(伽provides us with information regarding nucleotide
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organization in DNA sequences･ Again, aflat spectrum,ぶ∽ ∝ constant, represents random

sequences, and this甲eCtrum isknown as `white noise,'which represents true random phenomena･

Integration of white noise produces a Brownian motion or random walk with SW ∝′-2. The

spectrum underlying a periodic pattern in the DNA sequence has sharp peaksthat correspond to

periodicities･ For examples, the sinefunction of trigonometry has a sharp peak at l/22=･ The slope

spectrum sw -fβ is known as the "power-1aw''distribution and is related to &actal properties･ In

particular, 5∽ -fβ withβ与-1 is called ` 1/fnoise.'Many natura11y occuming伽ctuations, for

example, &om electronic volta'ges, time standards,and meteorological, biological, traffic, economlC,

and musical quantities, have nontrivial correlations (long-range correlations)･ hterpretation ofthe

exponent β is summarized in Table 2. h the case ofthe Escherichid coli genome shownin Figure 2,

the exponent, β = J.73 (for adenine) is obtained in thefrequency range smallerthan lO-3 (1/bp).

Tbere is a long-range correlation in thisfrequency range･
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Figure2．Typicalspectraof血cheTichiacoLigenomeandcla＄SificationofspeCtrumpatteJ’ns・

（a）natspectrum，O））sharpspectrum，and（C）sIopespeCtrum・AfIatspectrum，Su）∝COnSt，
represetItSarandomsequenceatIdisknowt”Siwhitenoise・1Thespectrawithsharppeak＄

correspondtoperiodicities．Aslopespeetrum，∫∽∝′β¢く0），isb川WnaSthepoweトIaw

distribution amdi＄related to fmctalproperties ofthe seqtlenCe・The power spectrumin

genomesisけpicallytalledttlepartialpoweトIaw・
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23．Periodicnucleotidedistributionparameter

TheroleofpowerspectrumintheanalysisofgenomicDNAsequencesistoide叫ify

underlyingperiodicitiesinDNA．Basically，thepowerspectrumiscalculatedbyapplyingFourier

transformation．Toidentifyregionsthatcontributetoacertainperiodicity，theperiodicnucleotide

distributionparameter醐，鵡）（札血shimaetaL，2002わiscalculatedby

ろ（叫，Ⅳ2）＝
ム（叫，Ⅳ2）

′（叫）・′（Ⅳ2）
四）

Here，脚，蝿）denotesthenumberofthenucleotidepair弗and弗atdistanCekbpinwindowL，

and耶）denotesthenumberofthesinglenucleotide弗¢＝1，2）inwindowL・Whenthe

occurrencesofnucleotides．弗and鵡atdistanCekbpareStatisticallyindependent，脚，」鳩）＝jW）

・朋）・If脚，蝿）issigni鮎antlylargerthan1，thenucleotidepairishigh1yabundantinsome

regionsofthegenome．Biasinthenucleotidecompositionofthegenomeisdecreasedin榊，弗），

thatis脚，鵡）＝1・hthepresentanalysis，州and鵡weresetasidenticalnucleotides（A，T，G，

andC）；thatis，theywereexaminedby榊，州）forindividualDNAsequences・

Theparameter醐，弗）inEq．＠）canbeextended録omindividualnucleotideoccurrencesto

SequenCeOCCurrenCeS．Indleuthnucleotidesequence，thenumberofthefournucleotides（A，T，G，

andC）indleSequenCe職aredenotedbybA印鼠），bT（Ⅳ‰），bG仰乱），andbc㈹）；脚1，鳩）

representsthenumberofthepairofnucleotidesequences〟ざ1and鳩separatedbykbpinwindow

L・肪）r印reSentSthenumberofthenucleotidesequence職estimatedstatisticallyfromsingle

nucleotidenumbers（u＝1，2）inwindowL．Theperiodicnucleotidedistribution研，職）is
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therefbrecalculatedby

ろ（〟ざ1，〟ざ2）＝
ム（腫1，〟ざ2）

′（澗1）・′（〃ざ2）

where，′（〟ざ〟）＝′（d）ムJ（吼）ィ（r）ち（吼）・′（q毎（吼）ィ（qムc（吼）

2．4．DNAseqⅥ・enCeSamalyzd

（5）

IanalyzedavaihblegenomicDNAsequencesretrieved録omGenBankwebsite

OltQ）：〟www．ncbi．n血．nih．gov／Genbankn・TbegenomesanalyzedarelistedinTable3・T血elonger

contigsofhuman，fly，andmosquitosequenceswereretrieved駐omgenomedraftsequences：

Qp：〟ncbi．nlm．gov／genomes／．
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Table 3. Genome sequences used.

Eubacteria Arcbaebacteria eukarya

Ese丘em'chla coh'AmLaeoglob us hlg2'dus

Baci[1zLS SUb tHz's Me地an ocooczL6 Jann aSChii

Nelssem'& meB1'BBT'tld)'s Me血anobacten'um虎ezmoGUtOtTOPh)'cum

HelL'cob& cter Ry4om'

R)'ckettsla pL10 WBEek(1'

CnlamJldoph)'1a pn eumom)'a e

Myooba cteTl'um tubeⅣuloEIs

Bouell& buz19doz{ez7'

Sy22e盛ocy5tls sp.

Deiz2 0COCCuS Zla dz'odzH7BDS

Aq血aeoh'cLtS
mezmotoga maz:)'tlma

PyTOCOCCuS Lwl'kos丘)')'

AeTOPJmm Pemir

H&lobacterlum sp.

乃eT:mOPlasma vDkan)'um

乃eTmOPlasma aa'dophHLTm

Homo sapleBS

DTOSOPh'1a m eli2n Og22SteZ･

ABOPheles gamblae

Ambldopsl's紘dl'&Ba

Caenα血bdl't13 elegaB3

Sa ccharomyceB CeZle T7isla e
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3. Results and Discussion

3.1. Short periodicities in prokaryotic and eukaryotic genomes

The power spectra for highfrequency reglOnS Of genomesthat have been sequenced

completely are shown in Figure 3. A11 prokaryoticand eukaryotic genomes have a 3-bp periodicity

(corresponding to frequencyf= 1/3), that corresponds to the periodicity associated widl COdon

usage. This periodicityhas been reported by Shepherd (1981a, b), Fickett (1982), Staden (1990),

Tsonis et al. (1991), and Gutierrez et al. (1994). The lO- and l l-bp periodicities are explained by

the DNA helical repeat structure (10.55 ± 0.01 bp) as reported by Trifonovand Sussman(1980)and

Tomita et al. (1999).

The power ofthe lO-1 1 bp periodicities is much smallerthanthat ofthe 3 bp (Figure 3). ｢m-e

1 1 -bp periodicity was observed in six eubacteria (E. coli, Helicobacter pylori, Chlamydophila

pneumoniae, Synechoq7Stis sp., Deinococcus radioduflanS,and mermotoga maritime), twoarchaea

(Aeropyrum pernixand Halobacterium sp.),and three eukarya (Saccharomyces cerev由iae, C.

elegans, and A. thaliana). The l O-bp periodicitywas observed in one eubacteria (AquljTex aeolicus)

andsixarchaea(ArchaeoglobusjTulgidus,Methanococcusjannaschii,Methanobacterium

thermoautoirophicum, Pyrococcus horikoshii, I;hermoplasma acidophilum, and Themoplasma

volcanium). The l O-bp periodicity was prevalent in the hyperthermophilic bacteria A. aeolicusand

archaebacteria (see Figure 3b), and the l l-bp periodicity was also prevalent in eubacteria (see

Figure 3a). These results are consistent withthose of odler rePOrted spectral analyses (Trifonov,
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1998；HerzeletaL，1999）．If血esequenceperiodicitiesienect也echaracteristicsuperhelical

densitiesofgenomicDNA，dledi飴rencesinperiodicitiesbetweenhyperdlermOPhilicbacteria，

archaebacteria，andedbacteriacanbeexplainedasfo1lows．ArchaealhistonesarestruCtural1y

similartOeukaryoticcorehistones，thatis，eukaryoticandarchaealDNAsarepackedas

nucleosomesinnegatively－COnStrainedsupercoils（Sandman，2000）・Someperiodicitiesareknown

tocausecurvatureOftheDNA．Thegenomicsequencesineukaryaandarchaeaareorganizedand

stabilizedbyinteractionsbetweenhistonesandnucleotides，and血elO－bpperiodicitycontributesto

thisnucleosomeorganization・Thell－bpperiodicitywasconsistentwiththeoccurrenceofnegative

supercoilinginbacterialDNAs（TrifonovandSusSman，1980；Vologodsky，1992）・ThelO－bp

Periodicitywasobservedina11eukaryOteSeXamined；andtheperiodicityobservedinCe極狩nS

WaSmOrePreValentthanthatinScerevLmieorA．ihaliana（seeFigure3c）・Consequently，the

lO－bpperiodicityisprevalentineukaryaandarChaea，andthell－bpperiodicityisprevalentin

eubacteria．Thisdi飽ren9eisexplainedmainlybythehigh－OrderstruCtureaSSOCiatedwithpacking

OfDNAinthece11s．
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3.2. Periodicities iA eukaryote genomes

The sizes of the C･ elegans, A･ thaliana, D･ melanogaster, A･ gambiae, and H･ sapiens

genomes are 97, 130, 180, 278,and 3,000 Mb, respectively (C･ elegans Sequencing Consortium,

1998; Lin et al･, 1999; Theologis et al･, 2000; EuropeanUnion Chromosome 3 ArabidopsIS

sequenclng Consortium) 2000; The EuropeanUnion Arabidopsis Genome Sequenclng Consortium

& The Cold Spring Harbor, Washington Universityin St･Leuis and PE Biosystems Arabidopsis

Sequenclng Consortium, 1 999; The Kazusa DNA Research lnstitute, The Cold Spring Harbor and
●

Washington University in St･ Louis Sequencing Consortium & The European Union Arabidopsis

Genome Sequenclng Consortium, 2000; Adams et al･, 2000; Lander et al･, 2001; Venter et al･,

2001 ; Holt et al. , 2002). ¶le nematOde C. elegans was the first multice11ular organisms for which

sequenced complete genomic sequence was available; it containsfive autosomesand dle SeX

chromosome X. Its genome has 36% G+C content. The genome oftheflowerlng PlantA･ thaliana

hasfive chromosomesthat are remarkably uniform in 36% G+C content and a sma11 repeat

sequence. Both D. melanogaster and A. gambiae have丘ve major chromosomes (X, 2L, 2R, 3L, and

3R), but D. melanogaster contains a small chromosome 4. The genomic G十C content is 41% for D.

melanogaster and 3-5% for A･ gambiae･ TLe human genome, like the genomes ofmost

warm-blooded vertebrates in general has long-range &C% mosaic structures or isochoresthat are

related to chromosome bands (Bernardi et al., 1985; Ikemura, 1985; Ikemura and Aota, 1988;

Bernardi, 1 989).

The total number of tandem repeats is not proportional to chromosome length in dlree genOmeS
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（Celbganschromosomel（12・75Mb），A・thalidnadromosome4（17・8Mb），andhuman

chromosome22（34．6Mb））PunhametaL，1999）・Thenumberofpositiveminisatellitesissimilar

inthedlreeSPeCies，althoughthechromosomalsizesaredi飴rent・Astrongtelomericbiasis

observedinCeZ4gmschromosome，SimilartothatofhumanChromosome22・Incontrast，the

distributionofminisatellitesinA．thalidnaisstrikinglydi飴rent舟omthedistributioninhumanand

inCe卸ns．Tandemrepeatsarelocatedmainlyaroundcentromeres・Cehgmschromosomel

hastelomericbiasforbodlShortoligomers（6－and12－bpunits），reSulting丘omthepresenceof

many（TTAGGC）ntelomere－1iketandemarrays，andlongeroligomers（＞18bp）・Human

chromosome22alsohastelomericbiasforrepeatunitslongerthan17bp．Inyeast，16bpisthe

thresholdabovewhichmismatchrepairmechanismsareunabletocorrectDNAloops（SiaetaL，

1997）．IncontrastwithCelegans，thetelomericbiasforhumanChromosome22appearsonlyfor

arrayslongerthan120－140bp・Tbisthresholdiscomparabletothetripletrepeatinstabilityobserved

above40－50repeats．NotelomericbiasisobservedforA・thaHdnachromosome4（Vergnaudand

Denoeud，2000）．Inthissection，Periodicitiesingenomesfrompowerspectrumanalyses（Section

2．2）arecharacterizedbynucleotidesequencelevelonthebasisoftheperiodicnucleodde

distributionparameterdescribedinSection2・3・

（可C吻α那

ThepowerspectraforallCe極坪びChromosomesareshowninFigure4．Eachchromosomeis

dividedinto222－bpsubsequences（approximately4．2Mb）alongdleDNAstrandregisteredin

GenBankwithamovingstep－Sizeof2．1Mb（spectra缶omtoptobottominFigure4）．Theseinclude
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a 68-bp periodicity in chromosome I, a 59-bp periodicity ln Chromosome II, and a 94-bp periodicity

in chromosome III (marked in Figure 4). Although there are many peaks in regions withfrequencies

flargerthan 2 x l O-2 (i･e･, periodicity shorter than 50 bp), I focused on several distinct periodicities

found in regions withfrequencies less than 2 x lO-2 (i.e., periodicity longerthan50 bp) that had not

been characterized previously (Figure 4). Short repeats, such as tandem repeats, in eukaryotic

genomes have been described previously (Katti et al･, 2001)･

To relate these periodicities to nucleotide sequences, the genomic distribution of nucleotide

pair Nl and NI SeParated by k bp was examined with parameter Fi(Nl, Nl) (See Section 2･3)･ Figure

5 shows the distributions ofthe 68-, 59-, and 94-bp periodicities in a lO-kb window along each

chromosome. Fi(Nl, Nl) is higherthan1.5 in l l regionsthat are designated by ID numbers CEl to

CEl l (Figure 5). Ⅶ.e consensus sequences comprisingthe individual periodicities are listed in

Table 4. The 68-bp periodicities were found for four regions ofchromosome I (CEl, 1･34-1･35 Mb;

CE2, 8.53-8.55 Mb; CE3, 12.32-12.33 Mb; CE4, 14.86-14.87 Mb). Interestingly,the consensus

sequences were not necessarily slmilar between individual reg10nS eVen if the pitches ofthe

periodicities were identical. The consensussequence of CE2, which is a cluster composed of 21 9

copies ofthe 68-bp periodicity on chromosome I, is similar tothat ofCE3 but is very differentfrom

those ofCEland CE4 (Table 4). It should be noted that CEI contained as a 12-bp core element

sequence, CeRep45 (TrGGTTGAGGCT) that was characterized previously by Sanford et al･

(2001).

Chromosome-specific periodic segments of l l -1 6 bp have been reported by Sanford et al.
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(2001)･ These sequences were found primarily near telomeres and were predicted to be responsible

for meiotic pairing. Tbe three periodicities found in the present study (CE2, CE7, and CE9) are

larger than those reported previous1y (Katti et al･, 2001), and they are distributed along the

chromosomes. Several are located near the centers ofchromosomes. C. elegans has holocentric

instead of monocentric chiomosomes. Diffuse kinetochores are formed along the entire lengthof

each chromosome,and clear centromeric sequences are lacking in C･ elegans (Comingsand Okada,

1972). Though it is unclear if the periodic sequences observed in this studyare related to

centromerefunction, the strategy proposed in this study may have the power to detect the hidden

periodic sequences, if present, that are related to centromerefunction･
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dividedintosubsequencesoflength222bp（approximately4．2Mb）withastep－Sizeof2．1Mb．

Circ）eindicateslocationofperiodicitylengthinthegenomicsequence＄・
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Table 4. Periodic elements in C. elegans.

工D Cbr Region Period The nuLnber

(Mb) (bp) of consensus

COre SequenCeS

Consensus core sequence

CEl工

C玉:2工

CE3ｴ

CE4工

CE5工工

CE6工工

CE7工工

CE8ｪ工工

CE9工工ｪ

CEIO工工工

CEll工Ⅴ

1｡34-1.35 68

8.53-8.54 68

12.32-12.33 68

14.86-14.87 68

0.68-0.69 59

1.02-1.03 59

10.19-10.21 59

5.38-5.39 94

6.22-6.27 94

10.54-10.55 94

3.16-3.17 94

219

29

17

76

329

TTG CTGATCTCGGTAAATATGCCAAATTI-C

CCGTTTGC CGACATC GGCAAATTTGCGGAA

TTCGC CGT

TTTGTGTTTTC TTTC TGAAATTC TAAGAAT

TTTGGTAAAAGAAAACCATTGTCAAC TGAA

TAGGTTGA

TTTGTGTTTTC TTTC TGAAATTCTAAGAAT

TTTGTTAAAAGAAAACCATTG TCAACTGAA

TAGGT TGA

TTAATTTTGGT TGAGGC TAACACACTACAA

ACTACAACA℡でTTCTAGC CTCAAC CAATTA

AAAAAAAA

GGTGAGAC C CATCGCGGTGAGAC CCATCGT

GACGAGAC C ℡TTCG TGGTGAGAC CCATCGT

TTCGTGGTGAGACC C

TTTGAAAACCAG℡G CACAATTGAAAC TCCA

TATTC TCAATALATTCTCAGTTTAm

(none )

TTTTCC CATでGATTTGTC TACAAAGGGCAT

CGAAAAGCACCCAATATTTAGAGAACAGAA

GATTTTGAGAATTAC ℡GC CTC CAGAAATTG

AでGA

TTTGCGGTTTGC

TTCATCTAATGGTC TAAC TTTGGAAA
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仲）d・助α肋乃α

ThepowerspectrafortheA・tha肋nagenomeareshowninFigure6・Threepeaksaredetected

indlemiddleofA．dzalidnachromosome3，andmanySharppeaksaredetectedinchromosomes4

and5．Severalregionswithfrequencieslessthan2×102（i．e．，Periodicitylargerthan50bp）were

found：Threeperiodicities（248－，167－，and126－bp）werepresentonchromosome3；three

periodicities（174－，88－，and59－bp）werepresentonchromosome4；andfourperiodicities（356－，

174－，88－，and59－bp）werepresentonchromosome5（markedinFigure6）・

Todescribetheseperiodicitiesatthenucleotidesequencelevel，thegenomicdistributionof

periodicnucleotidesequenceswasexaminedwithparameters醐，凡）and研1，几Ⅳl）（in

Section2．3）．Thedistributionof凡（州，州）isshowninFigurel．Fiveareaswithregion－SPeCi丘c

distributionofa126－bpperiodicitywasobservedonchromosome3（Figure7a，SeeGandC）・These

reglOnSWeredesignatedATl－AT5・¶lereglOn－SPeCi丘cdistributionsofthe59－）88－，and174－bp

periodicitieswereexaminedonchromosome4，andonlythe174－bpperiodicitywasdetected．These

areasweredesignatedAT6andAT7（Figure7b）・Inchromosome5，Iobtainedtworegion－SPeCi丘c

distributions（AT8andAT9）forthe174－bpperiodicity，andtwo（ATlOandATll）forthe356－bp

Periodicity（Figure7c）．Thedistributionofthe356－bpperiodicitydesignatedbyATlOextendsfrom

ll．38toll．60MbandthatdesignatedbyATllextends丘om12．73to12．75Mb．Coresequences

COmprisingtrinucleotidestruCtureWith榊，弗）or研1，几Ⅳ1）1argerthan2arelistedinTable5・

NGG－tyPeSequenCeSWeredetectedonseveralchromosomes（ATl，AT3，andAT5forchromosome

3；AT6andAT7forchromosome4；andAT8andAT9forchromosome5）．NGG－tyPeSequenCeS

4l



werefoundinATl．ItiswellknownthatNGG－fepea鹿（CGG，TGG，andAGG）fbrmtetraPlexes

（SurnmarizedinTal）lel）・PerfbcttandemNGG－rePeatSWerenOtdetectedinthoseregions・

ShortrepeatsconsistingofAAG／CTTweredetectedintheAT4andATllreglOnS・Thesemay

berelatedtotriplexfbrmation．TheATlOregionalsocontainsshortAGC－typerepeatsthatare

relatedtotheunu如alDNAstruCture．ORFsintheATlregionhaveGlyathigh鮎quency（Table6）．

TheGlycodonscorrespondtoGGN・Thus，COreSequenCeSCOmPnSlngPeriodicstruCtureSreflect

dleaminoacidcompositioninanORF．TheperiodicsequencesinTal）1e6reflectaminoacid

COmPOSitionobtained丘omthepresentanalysis．ThecommOnSequenCe，SPPPPmSSPPPPYYS，

WaSalsofoundinsixregionsAT2，AT3，AT5，AT6，AT8，andAT9（Table6）・
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Thble5．Coresequencesconsistingoftrinucleotidewith研l，昭l）largerthan2・

Cbr・3　A℡1㌔‘　把2　㌔‘　㍍3　㌔‘　　㍍4　ろ2‘　　班5　㌔‘

GGC　3893．9　G℡A　174．3　TGG　455．6　　　AAG　78．9　　　　mC　　318．7

℡GG　726．6　　　　　　　　　　G℡A　223．9　　　AGA　57．O CCA　　533．2

GGで　363．3　　　　　　　　　　GAA　74．5　　　　でÅA　21．6　　　　m　　58．4

m　29．4　　　　　　　　　　　m　29．4　　　　AAA　9．4　　　　　m　　1527．3

Chr・4　A℡6　ろ7。　班7　ろ7。

℡GG　石72．2　　CCA　290．4

m　53．3　　　CAC　193．6

Cbr・5　且℡8　ろ，一　　班タ　ろ，一　　　班10ろ5‘　　Å℡11ろ5‘

m　736．7
Gm lO9．9

AAA　47．9

でGG　909．5

GでA　124．2

AAÅ　56．2

m　32．3
A¶　31．6

AGC　278．6　　　　m　131．O
m　79．3　　　　　m℡　9．O

ACつ丁　78．5　　　　　Am　6．7

TÅC　61．7

℡GT　57．8

AGA　32．9

℡AG　27．9

ATA　5．3
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Figure7a・PeriodicnucleotidedistributionsbasedonFk（凡，N．）valueswitI110－kbwindowon

A・Lha肋nachromosome3・FiveregionswithWl，Nl）valueshigherthanl．4aredesignated
byTI）ntlmbersATltoAT5．
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(b) Chromosome 4
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(c) chromosome 5
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Thble6．Relationbetweenperiodicitiesa皿daminoacidsequence＄inORF＄．

rD chr．　aa一能quenCeCharacteristics productprotein【genename］

AT1　　3

Aワ2　　3

Aで3　　3

A℡4　　3

Aで5　　3

AT－6　　4

A℡7　　4

Aで8　　5

Aで9　　5

Gly－rich貴

SPPPPYVYSSPPPPYYS・rePetitive

SPPPPYVYSSPPPPYYS・repetitive

GlさちSer，Ah一山cb柚

SPPPPYVYSSPPPPYYS－repetitive

SPPPPYVYSSPPPPYYS・rePetitive

Not払und

SPPPPYVYSSPPPPYYS・repetitive

SPPPPYVYSSPPPPYYS・repetitive

hy匹仇etical払t3g23450】

unkn0wn払鰯g28550］

extensionprecursor－likeht3g54580］

hstone－H4・址e【At3g28780】

extensionprecursor－hke払t3g54590］

extension・likeLAt4gO8410］

hypotheticalprotein【At4gO1980］

puta加e払t5gO6640】

putativeLAt5g49080］

転炉ieも．馳quenCe㈹】MGRLVSGATLLAIJLCFHVmSSGRDEDEKTLVGGGKGGGFGGGFGGGAGGGV
GGGAGGGFGGGAGGGFGGGGGGGGGGGGGGGGGFGGGGGFGGGHGGGVGGGVGGGHGGGV

GGGFGKGGG＝GGG＝GKGGGVGGG＝GKGGG＝GGG＝GKGGGVGGG＝GKGGG＝GGG＝GKGGG＝

GGG＝GKGGG＝GGG＝GKGGGZGGGIGKGGGVGGGFGKGGGVGGG＝GKGGGVGGGFGKGGGV

GGG＝GKGGG＝GGG＝GKGGG＝GGG＝GKGGG＝GGG＝GKGGG＝GGGIGKGGG＝GGG＝GKGGG＝

GGG＝GKGGG＝GGG＝GKGGG＝GGGGGFGKGGG＝GGG＝GKGGG＝GGGGGFGKGGG＝GGG＝GK

GGG＝GGGFGKGGG＝GGG＝GGGGGFGGGGGFGKGGG＝GGG＝GKGGGFGGGGGFGKGGG＝GG

GGGFGKGGGFGGGGFGGGGGGGGGGGGGZGHH

【Gly；Ser，Ala，，richsequence（＊＊）］

MGPSAHL＝SALGVZ＝HATmYEPETYASPPPLYSSPLPEVEYKTPPLPYVDSSPPPTY

TPAPEVEYKSPPPPYVYSSPPPPTYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVDYKS

－PPPPYVYNSPPPPYYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVEYKSPPPPYVYSSP

PPPYYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVEYKSPPPPYVYSSPPPPYYSPSPK

VDYKSPPPPYVYSSPPPPYYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVDYKSPPPPY

VYSSPPPPYYSPSPKVDYKSPPPPmSSPPPPYYSPSPKVDYKSPPPPYVYSSPPPPT
SPSPKVDYKSPPPPmSSPPPPYYSPSPKVEYKSPPPPYVYSSPPPPTYSPSPKVYYKS
PPPPYVYSSPPPPYYSPSPKVYYKSPPPPYVYSSPPPPYYSPSPKVYYKSPPPPYVYSSP

PPPYYSPSPKmKSPPPPYVYSSPPPPYYSPSPKVYYKSPPPPYVYSSPPPPYYSPSPK
VHYXSPPPPYVYSSPPPPYYSPSPKVHYKSPPPPYVYNSPPPPYYSPSPKVYYKSPPPPY

VYSSPPPPYYSPSPKVYYKSPPPPYVYSSPPPPYYSPSPKVYYKSPPPPYYSPSPKVYYK

SPPHPHVCVCPPPPPCYSPSPKVVYRSPPPPmSPPPPYYSPSPKVYYKSPPPPSYYS
PSPKVEYKSPPPPSYSPSPKTEY
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(c) D･ melanogasier

The power spectra of all chromosomes ofD. melanogaster have short periodicities･ All

chromosomes contained a 3-bp periodicity (frequencyf= 1/3) and a l O-bp periodicity V= 1/1 0)

(Figure 8)･ These resultsare consistent with the eukaryotic periodicities associated withchromatin

structure (see also Figure 3c). I also found that all D. mdanogaster chromosomes have - 5-bp

periodicity,f- 1/5,indicated by arrowsinFigure 8･ hterestingly, the broad weak peaks centered at

5-bp periodicities are present across entire genomes and are especially prevalent for A and T

(Figure 8).

The distributions of 3-, 4-,and 5-bp periodicities based on Fi(Nl, Nl) values with lO-kb

window for the D. mdanogaster X chromosome are shown in Figure 9. For nucleotide G or C, the

Ei(Nl, Nl) average is the highest for the 3-bp periodicity. The average of these three periodicities

was higher than l.0 (Figure 9). I have already indicatedthat this 3-bp periodicity is associated with

codon structure (Section 3.1). In contrast, the average ofA and T is the lowest in 31bp periodicity

(Figure 9 in A and T), suggesting that 4- and/or 5-bp periodicities consist of A/T-rich sequences.
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（a）ChromosomeX（AEOO2566），（b）chromosomeX（AEOO2593），（C）chromosome2L

（AEOO2690），（d）cbromosome2R（AEOO2787），（e）dlrOmOSOme3L（AEOO2602），and（f）

止romosome3R（AEOO270＄）．
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（叫且∫呼お耶血romosomes21and22

ItisofinteresthowthehumangenOmedi飴rsfromthoseofotherspecies・Froma

periodicalpointofview，eXaminationoftheHsqplmSgenOmeisverylmPOrtant・Powerspectraof

humanChromosomes21（HattorietaL，2000）and22（DunhametaL；1999）areshowninFigurelO・

Twobroadpeakscenteredatthe167－and84－bpperiodicitiesarefoundacrossdleentirelengthsof

bothchromosomes（FigurelO）．Interes血gly，the167⊥bpperiodicityisidenticaltothelengthof

DNAthatisknowntoformtwocompletehelicalturnsinonenucleosomewithHlhistone（Sinden，

1994）．ItispossiblethattherespectivesequencesformCOntiguousarraySOfaspecificcompact

formofnucleosome．Tbedistributionsofthe84－and167」bpperiodicitiesareshowninFigurellas

theperiodicnucleotidedensityforalO－kbwindowonhumanChromosomes21and22・These

periodicitiesarepresentacrosstheentirechromosomesbecausethebaselinesofdleSedistributions

alongdleChromosomesareshiftedtoalevelclearlyhigherthan1・0（Figurell）・Thecoreelements

COrreSPOndingtoevidentpeaks（markedinFigurell）containedahighfrequencyofTGG（Table7）・

Inthecaseof42copleSOfa167J）PPeriodicelementclusteredinthe3・49－3・50MbreglOnOf

Chromosome22（IDnumberH3），eaChelementwascomposedofTGG－COntainingsequencessuch

asGGCTGG，CTGGCT，andGCTGGCwhenrepresentedbyhexanuCleotides（Table7）・On

Chromosome22，thehigh丘equenciesofTGGwerefoundnearthecentromere（regionHS2，317

COPiesof84－bpelement，0・39toO．40Mb）（seeTable7fortheperiodicelements）・Onchromosome

21，aClusterofthesame84」）Pelementswasdetectedintheregionnearthetelomere（HSl）（Table
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7）．ShortTGG－rePeatSareknowntoformaSPeCi負csubsetoffo1dedDNAstru血res（seeTablel）

andtobeassociatedwithdleSelf・aSSemblyphenomenon（Chen，1997；Usdin，1998）・Elements

includingshortTGG－rePeatSObservedinthepresentstudymayformSPeCi免chigher－Order

struCtureS，andtheorganizationoftheseelementsmaybeimportantfbrconstruCtingnucleosomes・
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29.4 33.6 Mb

f【1/bp】

Figure 10･ Power spectra of human chromosomes 21 and 22･ For the high frequency) the

spectral behaviors differ from those of C･ elegans･ In themiddle frequeJICy region) broad
peaks centered at 84- aJld 167-bp periodicities are present for aJ) subsequences of bth
cll rOm OSO meS.
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Figure ll･ Periodic nucleotide distributions based on Fk(Nl, Nl) valueswith lO-kb wihdow on

human chromosomes 21 and 22･ Seven regions with Fk(Nl, Nl) values higher than l.5are

designated by TD numbers HSl to HS7 (correspondjng to Table 7). The total 】ength of each
chromosome is normalized to l.0.

55



｢:卜†l■･･■11し､ ′".-rl､: ､.

●

Table 7. Periodic elemeAtS in H. saptens.

=D Chr Reg･ion Period Consensus core The nuI血er

(Mb) (bp) represented with of consensus

hexanucleotide core(> 20 pairs)

composition

HS1 21 41.54-41.55 84 GTGGTG

TGG℡GG

GGTGGT

TAGTGG

TGGTGA

GTGATG

ATGGTG

TGATGG

GATGGT

167

167

166

97

96

94

92

92

91

HS2 22 0.39-0.40 84 mGTGG

GGTGGT

GTGGTG

TGAﾜGG

GATGGT

ATGGTG

GTGATG

317

309

281

88

84

70

74

HS3 22 3.49-3.50 84 ﾜGGCTG

GGCTGG

C℡GGC℡

GCTGGC

42

38

27

20

HS4 22 5.63-5.64 84 ATTTCA

TTTCAT

TCATTT

CATTTC

34

31

30

27

HS5 22 33.82-33.83 84 AATGTG

HS6 22 34_29-34.30 84 AATGTG

HS7 22 3.49-3.50 167 TGGCTG

GGC ℡GG

C℡GGC ℡

GC℡GG C

42

38

27

20
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3.3. Spectrtlm landscape of low frequency ln genOmeS

Relation between fhctal and gene organization

Long-range correlation related withself-similarityis the focus of this section. Because large or

even complete genomic sequences are available for many species, calculation ofthe spectra for

several genomes is possible. It has been reported thatthe slope ofthe logarithm ofpower (log SW)

to the logarithm of丘equency (logu)) is associated with丘actal properties (Li, 1 991 ; Li and Kaneko,

1992; Voss, 1992). The slope is genera11y referred to as the exponent. As described in Section 2.1

and stmarized in Table 2, aflat power spectrum corresponding to the slope ofO can be associated

withrandom sequences. Inthe case ofa slope close to -1 (SW ∝rl),the nucleotide sequence has

the signature of &actal correlation, and a slope between Oand -1 indicates long-range correlation

(u, 1991; Li, 1992).

The humangenome has heterogeneous properties characterized by two distinct slopesthat

have been designated αfor the region with largerthan105 bp periodicity (&equency < 10｢5) and β

for the region with lO4 to lO5 bp periodicity(Figure 12a).Whereas GC composition isknown to be

homogeneous withingenomes of most prokaryotes and unicellular eukaryotes, the genomes of

higher vertebrates have mosaic GC% structure, referred to as f7isochores" (Bemardi et al. , 1 985;

Ikemura, 1985; Ikemuraand Aota, 1988; Bernardi, 1989), that appear to be related to replication

timing (Holmquist, 1989; Bemardi, 2000; Watanabe et al. , 2002). This complexity should be

renected in the heterogeneousnature of the slopes observed in human chromosomes. The relations
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between GC% and the slopes (α and β ofeach human chromosome) are shown in Figure 12b. All

chromosomes had similar α slopes, which were close to -1 regardless of the GC% (correlation

coefTICient = 0.18). It should be notedthat the β slope was observed in the range of lO to lOO kb

and was clearly correlated withthe GC% (correlation coeWICient = -0･84) for each chromosome･

The range from lO to lOO kb is roughly the size ofmany genes. Furthermore, GC% in the human

genome isknown to be related to gene density･ For example, human chromosomes 19 and 22 have

high GC% (49% and 48%, respectively) and high gene density (23and 1 7 genes/Mも, respectively)･

Conversely, chromosomes 4and 13 have low GC%仲oth38%)and low gene density (6and 5

genes/Mb, respectively) (Lander et al. , 2001 ; Venter et al., 200 1). Chromosomes with a highGC%

and high gene density tend to have a β slope closer to -1 (Figure 12b). Gene densityand GC% may

be important factors producing fractal structures in chromosomes. In addition, the highly variegated

landscape of GC-poorand GC-rich isochores typical ofthese chromosomes (Pavll'eek et al., 2001 ;

01iver et al. , 2001)and gene organization (and presumably exon and intron organization) may also

contribute to丘actal structure｡ TLe cause of丘actal propettyin genomes canbe explained with the

following model (Figure 1 3a)･ First, a genetic unit is duplicated, and a structure consisting of

repeats oftheunit is organized in the genome. The repetitive structure is again duplicated and

organized in the genome･ The size ofthe unit now roughly corresponds to the size of a gene. Thus,

gene duplication may be one factor generating丘actal property. The construction of the Koch curve,

which proceeds in stages, is shown in Figure 13b. The initial object is a straight line (Figure 13b, on
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the top). This line is partitioned into three equal parts･ TLen an equilateral triangle is replaced by

the middle third. In each stage the number ofline segments reduces by a factor of4･ After some

iteration, the鉦actal geometry with self-similarity is obtained (Figure 1 3b, on dle bottom)･ TLe

duplication process in the genome is very s皿ilar tothe mathemadcal process of generating舟actal

properties･ Further interpretation offractals in genomes with a proposed mathematical model is

discussed in Section 3.4.

Power spectra in low丘equencies have been examined for five chromosomes ofA･ Lhaliana

(Figure 14). TLe slopes of spectra forthe four kinds of nucleotides have similar behaviors in this

range, so the representative relation between gene numberandthe slope (exponent) for adenine is

shown in Figure 15. The exponent shows a strong correlation with the number ofgenes onthe

respective chromosomes. Chromosomes with high gene numbers tend to have a slope closer to -1.

These findings also suggest that there is a relation between fractal propertyand gene organization･

These results are consistent with those for H. sapiens (Figure 12b).

Flat spectra in two insects (D. metanogaster and A. gambide)

The power spectra ofD. melanogaster andA. gmnbiae?re shown in Figure 16 and 17. TLe

spectra ofA resemble those of T,and the spectra ofG are similar to those ofC. Interestingly, the G

and C spectral curves had aflat region in the middle丘equency range fromf= 2.0 × 10-1 to lO-3

(corresponding to a period size of l kb-5 kb) infly, whereas the mosquito genome had twoflat

regions･ This type ofcorrelation is called "partial power-law" (see Figure 2). In the high
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&equencies, the power spectrum is roughlyflat) whereas the spectrum in low &equencies, the

spectrum is expressed as the power-1aw decay VB) withexponent approximately equal to β (β < 0).

The --1/P noise (β = -1) ofthe given frequency range revealsthe existence ofa B･actal structure

(Mandelbrot, 1982; Li, 1991, 1992; Voss, 1992)･ A recent observation with DNA sequences

revealed that the behavior ofthe power spectrum as afunction ofthe frequency lS Visible three

different reglOnS On the logarithmic scale: aflat reg10n, a POWer-law reglOn, and anotherflat reglOn

丘om low to highfrequency (Vieira, 1 999). Aflat power spectrum indicates randomness, that is,

lack ofcorrelation (Mandelbrot, 1982; Li, 1991, 1992; Voss, 1992). Flat power spectra inthe

middlefrequencies have not been observed in eukaryotes such as S. cerevisiae, C. elegans, A｡

thaliana,and H. sapiens or prokaryotes (Figures 14, 16, and 17). Takingthese flndings into

●

consideration, our result forthe D. melanogaster genome is very lmPOrtant for understanding

genome architecture (Fukushima et al. , 2002b). The exponents in eukaryotic and prokaryotic

genomes are shown in Figure 18. In general, genomes with high gene densitytend to have

exponents close to -1. The exponents ofprokaryotic genomes, except that of Chlamydophila

pneumoniae (β = ｣).44)are distributed around β = -1.Leng-range correlations are observed in the

genomes of many species･ Thus, the base organization of genomes contains fractal propetties･

Exponentsforthe all genomic sequences analyzed are listed in the Appendix･
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1O16 1015 1014 1013 1012

f [1/bp]

10･6 10-5 10-4 10-3 10-2

f 【1/bp】

Figure 14･ Power spectra of the A･ thaliana genome in low frequency ill )og-1og scale. (a)

Chromosome l, O') chromosome 2, (c) chromosome 3, (d) chromosome 4, and (e)

chromosome 5･ For all chromosomes the $1opes of spectra were very similar in this range･
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1 0-4

f 【1/bp】

10･2 10･6 1 0-4

f [1/bp】

Figtlre 16･ Power spectra ofD･ melanogasler genomic DNA sequences in low frequencies in

log･log plot･ (a) Chromosome 2R (accession #: AEOO27$7), O)) chromosome 2L (AEOO2690),

(c) chromosome 3R (AEOO2708), and (d) chromosome 3L (AEOO2602). Spectra ofA resemble

those of T, and the G curves are simiIar to those of C･ Interestingly, the G and C spectral

curves contained nat regions at range fromf= 10一■ (o lO-3 (co,responding to a period of

lkb-5kb).
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f 【1/bp]f tl/bp】

Figure 17･ Power spectra ofA. gambE'ae genomic DNA seqtlenCeS in low frequencies in log-log

scale. (a) Cbromosome X (accessioII #: AAABO1008807), (b) chromosome 2 (AAABOI OO8987),

(c) chromosome 2 (AAABOIOO8960), and (d) chromosome 3 (AAABOIOO8984)･ The spectra of
A resemble those of T, and tlle G curves are similar to those of C･ TIItereStingly, tlle G aJld C

spectral curves contaiTled twoflat reglOnS at rangeS COrreSPOnding to periods of O･1 kb to O･5

kb and of l.6 kb to lO.O kb.
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Figure 18. Comparison of the exponents in thewide range of species･
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3･4･ Possible model of genome evolution

Considering the implications of long-range correlations? system behavior is characterized with

the exponent ofthe spectra･ Thefractal prope止y of eukaryotic genomes which is represented bythe

exponent, is associated with gene organization (in Section 3･3)･ In particular, human chromosomes

have heterogeneous power spectra characterized by two distinct slopes (Figure 12a)･ Moreover, in

insect genomes (D. melanogaster and A. gambiae), the Gand C spectral curves haveflat regions in

the middlefrequency, which indicates random base sequence composition (Figures 1 6and 1 7)･

Consequently, the血ctal propertyrepresented by the exponent of the spectrum is specific tothe

species (or chromosomes) (Figure 18and Appendix)･ I have attempted to develop a model to

describethese properties.

previously, Li (1991) proposed a model for SW ∝fβ with β = -1 (1/fspectra) calledan

`Expansion-modiEICation systems. 'This model provides a convenient method for my purpose･

`Expansion-modiBICation systems'is based on expanding a cellular automaton a皿d has two types of

manipulations, mainly modification or mutationand expansion or duplication (Li, 1 991 , 1 992)･

Here, a cellular automaton is a mathematical and computational construct that consists ofanarray.

A cell is defined asanelement ofthis axTay. A cell has difFerent states (dead = O and living = 1)｡

The cellular automaton permits transidon from one state toanother at one step ln a time frame. The

simplest expansion-modification system inthe two-symbol systeminwhich the expansion process

rewrites one symbol to two identical symbols, and the modification process switches one symbol to

(

j

2!.

L
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another symbol. The process ofmodification of l to O and ofO to l occurs in probabilityp･ The

process ofexpansion of l to ll and ofO to OO occurs in probability l-p･ ARer a limited period of

time passes,the statistical prope托y of.the binary sequence depends on the probabilityp･ Ifthe

probability of modi丘cation process is close to l )thenp方1 I `Expansion-modiflCation systems'

generates random sequences (Li, 1 991 , 1992)･ This means that most of the processes are random

modi丘cations in the calculation. In contrast, ifthe probability of the expansion process (1 -ｻﾞ) is

close to l ,thenp方0, and the sequences generated display a l/fspectrum, i.e.T 5∽ -f-1. Thus,

long-range correlations are generated by 'Expansion-modiflCation systems'(Li, 1 991 , 1992)･

Insect genomes may have evolved in a different manner from other species･ Insect genomes

show strange behaviors for long-range correlations. The cause of such species-speci丘c舟actal

properties can be explained by a new model that consists of three processes: mutation, duplication,

and sequenc_einsertion. Transposable elements are a maJOr SOurCe Of genetic variation, including

creation of novel genes, alteration of gene expression, and maJOr genOmic rearrangements. Indeed,

the important role ofhost factorsinthe regulation of transposable elements has been revealed by

recent studies of several systems in D. mdanogaster (Lozovskaya et al., 1 995). Genome

rearrangements, including sequence insertion or transposition, are important in genome evolution.

The extremeflat spectra observed in D. melanogasterand A. gambiae are not generated in the

'Expansion-modification system} I have tried to generateflat spectra in middle &equencies by

extending this system. In the model proposed in the present thesis, three factors, mutadon (which

t

L
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occurs at probabilityp), duplication (probability q),and sequence insertion (probabilityq), are

taken into consideration. Here, p + q + r = 1. This model canbe considered an extension ofthat of

'Expansion-modification systems} To examine theflat reg10n Of the spectrum in themiddle

&equencies, I designed a computational model･

The power spectra (in log-log scales) of the sequences generated by the computational

experiment are shownin Figure 1 9. Forthe expansion-modification systems brobabilityp = 0. 1), a

spectrum with a slope is obtained (Figure 1 9a). In contrast, a sequence calculated with tentative

parameters b = 0.100 for mutation, q = 0.882 for duplication, and r = 0･018 for sequence insertion

(of lOO bp) showsflat spectra similar tothose ofinsects (Figure 19b). TLe results when two

.operations (mutationand sequence insedion)are shownin Figure 19c. Inthis case, aflat spectrum

was generated. Consequently, long-range correlations in genomes canbe described by mutationand

duplication, and sequence insertion,indicatingthat genome structure is determined mainly by these

processes in particular insect genomes.
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4. Conclusion

Fractal concepts have provided a new approach fbranalyzingand interpreting species-specific

periodicities in genomic sequences･ In the present study, I found that such periodicities have

biological and physiological significance･ I also found thatthe gene organization hasfractal

properties. My results canbe summarized as follows:

(1) Periodicities of lO to l l bp were observedinmost prokaryotesand eukaryotes analyzed･ Tbe

l l -bp periodicity was dominant in eubacteria (Figure 3a)･ The l O-bp periodicity was

dominant in hyperthermophilic bacteria, archaebacteria, and all eukarya tested (Figures 3b

and c). Because the l O-1 1 bp periodicities re瓜ectthe characteristic superhelical densities of

genomic DNAs, the differen_ces in periodicities between hyperthermophilic bacteria,

archaebacteria, and eubacteria can be explained as afuncdon ofthearchaeal histones, which

are structurally slmilar to eukaryotic core histones.

(2) In C. elegans, a 68-bp periodicityon chromosome I, a 59-bp periodicity on chromosome II,

and a 94-bp periodicity on chromosome III were detected (Figure 4). The sequences with

68-bp periodicities (CE4) contained a 12 bp core element sequence, CeRep45

(TTGGTTGAGGCT), that was previously characterized by Sanford et al. (2001) (Table 4).

Though it is unclear ifthe periodic sequences observed are related to centromericfunction in

C. elegans, the strategy proposed in this thesis has the potential to detect hidden periodic

SequenCeS ･
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(3) In A. thaliana, three periodicities (248, 167,and 126 bp) on chromosome 3, three

periodicities (174, 88, and 59 bp) on chromosome 4,and four periodicities (356, 174, 88,and

59 bp) on chromosome 5 were detected (Figure 6). Two periodicities (126and 174 bp) are

related to ORFs that encode Gly-rich amino acid sequences (Table 6). These periodicities

include histone proteins, which consist of Gly-, Ser-, and Ala-rich amino acid sequences･

(4) In H. sapiens, 167 and 84 bp periodicities were detected alongthe entire length of

chromosomes 21 and 22 (Figure lO). The 167-bp periodicityis identical to the length of

DNA that fTorms two complete helical turns in nucleosome organizadon (Sinden, 1994)･

These periodicities were associated with NGG-repeat forming self-assembly DNA (Table 7)･

(5) Thefractal propertyof genomes represented bythe long-range correlationineukaryotic

genomes is associated with gene organization. Tbe humangenome has heterogeneous

properties in power spectra characterized by two distinct slopes (Figure 1 2).

(6) In the D. mdanogaster genome,the G and C spectral curves contain aflat region in the

middle frequency range &omf= 2.0 × 10d4 to lO｢3 (corresponding to a period of l kb-5 kb),

which is associated with random base sequence composition (Figure 16). For A. gambiae,the

Gand C spectral curves have two nat reglOnS at rangeS COrreSPOnding to base periodicities of

0.1 kb to O.5 kbandofl.6 kbto lO.O kb (FiguI℃ 17).

(7) On the basis ofthe observation that long-range correlations are present in DNA sequences, I

developed a model to explain也e evohtionary ongln Of genome. I used也is model to explain
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that the presence of spectra withflat reglOnS in the middle frequency ln insect genomes is due

to mutation, duplication,and sequence insertion (Figure 1 9b)･

Herein, I present a wide varietyofperiodicities for genomes ofprokaryotes and eukaryotes･ The

periodicities were associated with biological atld physiological properties such as nucleosomes,

centromeres, and self-assembly of DNA. Long-range correlation was detected in all genomes

analyzed･ I have described the relation between thefractal property and gene organization and also

proposed a model with a new interpretation of the long-range correlation in DNA sequence based

on power spectrumanalysis of genomes of higher eukaryote･ This model is helpful for

understanding genome evolution･ Power spectrum is a usefu1 tool for detecting hidden periodicities

in a genome. The parameter Fk PrOPOSed in this thesis is applicable for detecting core elements

based on periodicity. Withprogress of the genome projects, this analysis wi11 play a vital role for

understanding genome architecture.
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App endix

Spectralexponents for genomes

(a) prokaryotes

species e3qOnent β#

Escherichia coli

Bacillus subtilis

Neisseria meningi tidis

Heli cobacter pylori

Rickettsia prowazekii

Chlamydophila pneumoniae

Mycobacterium tuberculosis

Borrel ia burgdorferi

Spechocystis sp.
Deinococcus radiodurans

Aquifex aeolicus

Themotoga mari tima

-0.73

-0.68

-0.88

-0.73

-0.97

-0.44

-0.65

-0.95

-0.68

-0.77

-0.81

-1.11

-0.91

(cbr. 1)

(chr. 2)

Themoplasma acidophilum

Archaeoglobus fulgidus

Hethanococcus jannaSChii
●

Hethanobacteritm themoauto trophi cum

Pyrococcus horikoshii

Aeropyrum pernix

Halobacterium sp.

-0.91

-0.82

-1.05

-0.89

-0.94

-0.72

-1.01

# The exponent β of spectrum is fltted infranged from 2.4 × 10-5 Io lO-l.
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（叶C血画面

exponentβ＃SpeCles Chr base
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－1．38

－1．24

－1．23

－1．25

－1．24

－0．95

－0．96

－1．17

－1．14

－0．86

＃　　Theexponentβofspectrumisfittedinfranged丘oml．5×10‾5tolO－1．

「

89



仲）A助α肋〝α

e叩Onentβ＃SpeCies Cbr base

A．亡力aユヱa刀a 1

2

3

4

5

A

で
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A
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C
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－0．47
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－0．50

－0．50

－0．50

－0．52

＃　　TLee叩Onentβofspectrumisfittedinfrangedfroml．5×10‾5tolO‾2．
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（e）及川血〝御船

exponentβ＃SpeCles Chr base
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－0．54

－0．59

－0．58
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－0．52

－0．52

－0．51

－0．51

－0．61

－0．62

－0．60

－0．62

－0．58

－0．57

－0．57

＃　　Theexponentβofspectrumis丘ttedinfrangedfrom7．6×10」；tolOl乙

＊　　　　ACCESSIONnumberAEOO2593

＊＊　　　ACCESSIONnumberAEOO2566
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(d) A. gambiae

species base exponen亡β#

A. gambiae

3★★★

A

T

G

C

A

T

G

C

A

T

G

C

A

で

G

C

-0.36

-0.36

-0.36

-0.35

-0.36

-0.36

-0.35

-0.34

-0.40

-0.41

-0.41

-0.41

-0.41

-0.40

-0.41

-0.41

#

*

The exponents β ofspectrum is丘tted infranged舟om l.5 × 10-5 fo lO-2

ACCESSION number AAABO I OO8987

* * ACCESSION number AAABO 1 008960

** * ACCESSION number AAABOI OO8984
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（飢民印画卿
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