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A deep understanding of the structural characteristics of living organisms requires
exhaustive analyses of the DNA sequences that serve as the blueprint for organic architecture.
One of the characteristics of genomic DNA is latent periodicity in base pair organization, 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, Caenorhabditis elegans, Arabidopsis thaliana, Drosophila melanogaster, Anopheles
| gambiae, and Homo sapiens, with a methodology based on power spectra. Power spectrum
analysis is widely used in physics, especially in signal 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 genomic DNA. To characterize
periodical regions in genomic DNA, I proposed that the periodic nucleotide distribution is
represented by a parameter F; computed as the frequency of periodic pairs separated by &
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 was present on
chromosome III. For A. thaliana, 1 detected three periodicities (248, 167, and 126 bp) on
chromosome 3, three (174, 88, and 59 bp) on chromosome 4, and four (356, 174, 88, and 59 bp)
on chromosome 5. These findings are consistent with open reading frames 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
comprises two complete helical turns in a nucleosome. For D. melanogaster and A. gambiae,
the G and C spectra contained flat regions in the middle frequency, which indicates
randomness of the base sequence composition. Such flat regions have not been observed in
Saccharomyces cerevisiae, C. elegans, A. thaliana, or H. sapiens. The present study goes beyond
the simple analysis of periodical correlations and attempts to clarlfy the biological and
physiological implications of the genomic structure.
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1. Introduction

1.1. Fractals in nature

Fractal geometry is the fundamental design of nature. Most of natural configurations, such as
clouds, mountains, coastlines, and trees, can be explained by self-similarity. To explain these
configurations, Mandelbrot (1982) proposed the fractal concept of self-similar structures; the
components of a structure rese;mble the whole structure. The fractal concept also exhibits
scale-invariant geométrical features and can be found by the power-law. Basically, numerous
power-law correlations in nature show self-similarity and are typically called “long-range
correlations.” A power-law has also been observed in the realm of biology. It was recently reported
that the complexities of metabolic n¢tworks, including enzymes and metabolites, protein-protein
interactions, and genetic relations included in some paralogous families, are described by
power-law (Jeong et al., 2000; Jeong ef al., 2001; Luscombe et al., 2002).

Fractal geometry construction is illustrated in Figure 1a. First, let us consider a copy machine
that is equipped with an image reduction feature. If we take an image of the word “GENE,” put it
on the machine, and push a button, we obtain a copy of the image. However, it is reduced uniformly
by a factor of 1/2 (50%). The copy is Similar to the original. Such reduction is achieved by a lens
system. A machine with three reduction lenses, each reducing an image by 50%, generates a

triangle form of the word “GENE” (see Figure 1a). After some iteration, the word “GENE” forms



self-similar triangles (see Figure 1a). This geometry is a famous fractal pattern known as the
Sierpinski Gasket. Chromatin packing based on current ideas is illustrated in Figure 1b. The DNA
helix is the first coil. It turns twice aroﬁnd a histone core unit, and histone cores are attached to each
other by DNA linkers (see Figure 1b). A nucleosome‘consists of the histone core, fhe linker, and the
DNA helix. Histone H1 attaches nucleosomes to each other, and the strand is 30 nanometers (nm)
thick (see Figure 1b). The next order of chromatin 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 comprise different
sizes of condensed chromeres and less condensed regions' between them. In this manner, the
coiled-coil structure generates self-similarity.

Genome DNA sequences are important targets for investigations of fractal properties.
Long-range correlations are found in DNA sequences (Li and Kaneko, 1992; Peng et al., 1992;
Voss, 1992). Long-range correlation means that the base composition tends to vary in a similar
manner in regions of the DNA sequence separated by very long distances (Li et al., 1994). The
typical study of long-range correlations is applicable for numerical sequences x; (e.g. if base ‘A’
occurs at position j along the DNA strand, x; = 1, otherwise x; = 0). The correlation between
sequences x; and x;4; separated by I bases was examined, and significant correlations were obtained
for 10 bp to 10000 bp. This correlation is observed primarily in intronic regions; the correlation in

exonic regions is unclear (Li and Kaneko, 1992; Peng et al., 1992; Voss, 1992). In contrast, Azbel



(1995) suggested that there are no long-range correlations in genomic DNA sequences. However,
most studies have iﬁdicated that long-range correlations are present in both protein-coding and
non-coding sequences. Long-range correlations in DNA sequence have been examined by many
methods. The autocorrelation function (see Section 2.1) is the direct measure of correlations in
DNA sequences (Herzel et al., 1998). To clarify the length of long-range correlation of a given
DNA segment, Vieira (1999) studied long-range correlations in 13 bacterial genomes by
autocorrelation function and power spectrum (see Section 2.2). These methods detected a hidden
v periodiéity. For lower frequency f(1/bp) (see Figure 2), the power spectrum presents a power-law
behavior with exponent approxixhately equal to —1 (corresponds to 1/fnoise). When a cutoff of the
power-law in DNA exists in high frequencies (Figure 2, left), the spectrum is called ‘partial
power-law.” As a result, the power-law correlation is not always found across the entire DNA
strand (Vieira, 1999). Bﬁldyrev et al. (1995) observed fhe different properties of coding and
noncoding sequences by power spectrum and reporte.:d that detrended fluctuation analysis (Peng et
al., 1994) discriminate;s the pseudo-correlation property from the real correlation property.
Detrended fluctuation analysis is a powerful method adapted specifically to deal with
non-stationary processes. The statistical property of this process is not invariant under a shift of the
time origin. Li et al. (1998) investigated the correlation between x; and x;.; of 16 complete yeast
chromosomes by power spectrum.

The biological and physiological significances of periodicity, including long-range correlation,

in genomes are unclear. Power spectrum analysis would be helpful for examining long-range




correlations and detecting periodicity in DNA sequences. In the present study, 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 suitable than correlation function because of the high calculation efﬁciency.
There is a relation between power spectrum and autocorrelation. The Fourier transformation of
power spectrum corresponds to the autocorrelation function, and the inverse Fourier transformation

of autocorrelation corresponds to power spectrum as put forth by the Wiener-Khinchin Theorem.
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Figure 1. Relation between fractal property and chromatin packing. (a) Sierpinski gasket by
word “GENE.” (b) diagram of different orders of chromatin packing (Fig. 8-24 from Alberts

et al., Molecular Biology of the Cell, 1983).



1.2. Periodicity in DNA

Since the early 1970s, biologists h'ave tried to distinguish protein'-coding and non-coding
regions in DNA sequénces. They have also tried to identify translation initiation sites to determine
protein-coding regions in DNA sequences. Three-base periodicity in DNA has been used to detect
protein-coding regions (Fickett, 1982). Shepherd (1981a) hypothesized that most mature mRNAs
have a strong thythms with 3;bp periodicity. This phenomenon has been associated with the
statistical properties of coding sequences, such as codon usage bias (Staden, 1990), base
composition of protein-coding regions (Gutierrez et al., 1994), and distributions of
purines/pyrimidines (Shepherd, 1981a, b). Periodicities of 10 to 11 bp were reported in bacterial
genomes on the basis of a correlation function (Herzel ez al., 1999) 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 long unit.
Repetitive sequences yield various periodicities in genomes. The functions of repetitive sequences
in disease and higher-order structures are reviewed in the following.

Minisatellite and satellite DNAs
Minisatellite DNA
Minisatellites are typically 0.5 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



to genome funétions associated with polymorphism, gene expression, recombination, and
mutability.

Some minisatellites are found on open reading frames and may or may not be polymorphic in the
human population (Bois and Jeffreys, 1999). .Minisatellites located in the 5’ untranslated region of
genes may participate in regulation of transcription (Kennedy et al., 1995). Others located within
introns can interfere with splicing (Turri et al., 1995). Minisatellites in imprinted loci are thought to
play a role in imprint control (Chaillet e al., 1995; Neumann ef al., 1995). Minisatellites have been
proposed as intermediate in chromosome pairing initiation in some eukaryote genomes (Ashley,
1994, Sybenga, 1999), which might be related to their proposed recombinogenic properties (Boan
et al., 1998; Wahls and Moore, 1998). Minisatellites may constitute chromosome fragile sites
(Sutherland et al., 1998) and have been found near a number of common translocation breakpoints
and in the switch recombination sites in the immunoglobulin heavy chain genes (Brusco ét al.,
1999). The high degree of length polymorphism among minisatellites suggests that they ére rapidiy
evolving sequences, and newly mutated alleles have been observed in several loci. Roughly 300
human minisatellites have been typed across families (Nakamura et al., 1987; Armour et al., 1990;
Armarger et al., 1998) and approximately ten forms have been classified as hypermutable. All
hypermutable minisatellites characterized so far possess internal variants (Jeffreys et al., 1991;
Buard and Vergnaud, 1994).

Satellite DNA

Satellite DN As are tandemly repeated sequences, organized in long, typically megabase

10



(Mb)-sized arrays and are located in regions of pericentrometric and/or telomeric heterochromatin
(Charlesworth et al., 1994). In kangaroo rats (Dipodomys ordii) and beetles (from the coleopteran
family Tenebrionidae), satellite DNAs comprise the majority of the genomic DNA (Hatch and
Mazrimas, 1974). Satellite DNAs are associated with complex organizational features, such as
heterochromatic cpmpartments for proper chromosomal behavior in mitosis and meiosis, necessary
for the function of eukaryotic genomes (Csink and Henikoff, 1998). Satellite DNAs are major
constituents of functional centromeres in humans (Schueler ez al., 2001). 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 mammals and Cid in
Drosophila (Henikoff et al., 200‘1). Satellite DNAs can increase in copy number by replication
slippage, rolling circle replication, conversion-like mechanisms, or other presently unknown
mechanisms in relatively short evolutionary time (Charlesworth, 1994).
Microsatellites compoeed of simple tandem DNA repeats

Genomes contain simple tandem repeats of mono-, di-, tri-, tetra-, and penta-nucleotide repeat
units. Many simple tandem repeat sequences in human populations are polymorphic in copy
number and have been utilized widely for study of the human genome. Many of single tandem
repeats have imperfections in the repeat unit, and the degree of instability of such repeats is directly
related to the length of the perfect repeat (Weber, 1990). Sequence-specific DNA-binding proteins
have been identified for di- and tri-nucleotide repeats (Richards et al.; 1993), and one type of repeat

Can act as the preferred site for nucleosome assembly in vitro (Wang et al., 1994). Simple
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trinucleotide tandem repeats can undergo dynamic mutation. Dynamic mutation is change of the
genetic material that occurs over several generations (Richards, 1993). Three trinucleotide repeats
(AAC, CCG, and AGC repeats) often undergo dynamic mutation that results in diseasg, and
homopurine/homopyrimidine repeats form unusual structures, including tliplexés and hairpins, by
intrastrand interactions éf purine stretches. NGG repeats form tetraplex structures. The structures
genome functions, and diseases caused by repeats are summarized in Table 1.
(a) Homopurine/homopyrimidine sequences

Homopurine/homopyrimidin¢ DNA sequences are widely distributed in eukaryotic genomes,
and they blqck DNA replication by the formation of triple helical structure; (Rao, 1996).
Amplification of cellular DNA may be reéulated by homopurine/homopyrimidine sequences (Rao
etal., i988; Lapidot et al., 1989; Baran et al., 1991). Imperfect repeats of GAAG that are larger
than 100 bases in length can form a triplex DNA structure through Watson-Crick and Hoogsteen
base pairings. Such sequences are associated with recombination hot spots (Wells et al., 1988). AG
repeats are homopurine sequences and are associated with triplex DNA formation. The d(GA/TC)2,
sequence can form two conformers: a pyr/pur/pur triplex (referred to as *H-triplex) and pur/pur
hairpin (*H-hairpin), depending on the zinc concentration (Beltran ez al., 1993). GAA repeats can
also form intramolecular triplex DNA structures (Hanvey et al., 1988).
() AC repeats

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

strand are the simplest and most common repeats. Instability of the AC repeats is proportional to
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the length of repeat (Weber, 1990). AC repeats can induce the Z-conformation of DNA (Hamada et
al., 1984). :
(¢) CCG repeats

CCG repeats comprise one group of fragile sitgs and may occur in excess of 1000 copies.
Fragile X syndrome is a genetic disease associated with expansion of the CCG trinucleotide repeat
in the 5’-untranslated region of the FMR1 gene (Verkerk et al., 1991; Kremer et al., 1991; Yu et al.,
1992). The following mechanism has been proposed for CCG repeat expansion. The change from
-pre to full mutation oceurs during oogenesis, the mutétion is transmitted via the ovum, and the
' _expansion becomes unstable and breaks during the very early postzygotic cell divisions. In males,
the length of the repeat is reduced or remains within the permutation range during spermatogenesis
(Sutherland et al., 1995). CCG repeats form unusual structures such as hair-pins in single-strand
DNA (Mitas, 1997) and slipped-strand DNA structures (Pearson and Sinden, 1996; P_earson etal.,
1997). |
(d) AGC repeats

AGC repeats are involved in a number of neurological disorders. They can expand to high
copy numbers when in the 5’untranslated region of a gene (as in myotonic dystrophy), and in
coding regions in which the copy numbers are typically less than 100 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 ef al., 1991) are due to mutation of

AGC trinucleotide repeats. An excessive number of AGC repeats in codons is associated with
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X-linked spinal and bulbar muscular atrophy (La Spada et al., 1991), Huntington disease
(Huntington Disease Collaborative Research Group, 1993), type 1 spinocerebellar ataxia (Orr et al.,
1993), dentatorubral-pallidolusian atrophy (Koide et al., 1994), and Machado-Joseph diseése
(Kawaguchi et al., 1994). AGC repeats also form hairpins in single-stranded DNA, slipped-strand
DNA str;lctures.
(e CAA repeats
Hereditary nonpolyposis colon cancer is caused by 1-base deletions in a region containing
three direct CAA repeats through polymerase errors that persist as a result of a deficiency in
mismatch repair. A slipped mismatch-repair méchanism has been proposed to account for the
observed mutations in this repeat sequence (Bissler ei al., 1994).
() NGG repeats
All three NGG-repeats (CGG, TGG, and AGG) form tetraplexes, and the stabilities of these
tetraplexes decrease in the order (AGG)z > (TGG)z0 > (CGG)2o (Usdin, 1998).
Long interspersed nuclear elements (LINEs) and short intersperse nuclear elements (SINEs)
In vertebrates, most transposable sequences are LINEs and SINEs (Lander et al., 2001; Venter
etal.,2001). LINEs comprise apprbximately 20% of the human genome, and SINEs such as Alu
and MIR elements in murine and human cells that are clearly capable of transpoSition in genome,
suggesting that these elements are active transposons (Dbmbroski et ql., 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 LINEs (Kajikawa and Okada, 2002).
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Nucleosome structure

Thé DNA helix is characterized by a repeated structure consisting of 10 to 11 bp. Thé basic
structural unit of chromatin is the nﬁcleosome, Which contains 147 bp of DNA wrapped in a
left-handed super helix 1.7-2.5 times around a core histone octamer (Horn and Peterson, 2002).
Metazoan chromatin contains additional linker histones that bind to nucleosomes and protect an
additional 20 bp of DNA from nuclease digestion at the core particle boundary. Thousands of
nucleosomes are organized in a continuous fashion on the DNA helix and are separated by 10 to 60
bp of linkef DNA. The smallest ﬁmctional unit of chromatin might be the “nucleosomal arr‘ay,”
which consists of 12 tandem repeats ofa 208-bp nucleosome-positioning sequence (Hansen, 2002;

Horn and Peterson, 2002).
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Table 1. Simple tandem repeats (Nucleotide sequences are represented by the direction from
5°-to 3’-termini. Complement sequences are represented after /).

Core sequences Genome functions including diseases

(double strand)

homopurine/homopyrimidine Triplex DNA structure
(=A/T- G/C- AG/CT-, AAG/CTT-, AGG/CCT-repeats and so on)

AC/GT Instability in genome is proportional to their perfect
repeat length, Z-conformation of DNA

AAC/GTT Hereditary nonpolyposis colon cancer disease
(=ACA/TGT, CAA/TTG)

AGC/GCT unusual helical structure
(=GCA/TGC, CAG/CTG) neurological disorders

CCG/CGG unusual helical structure, tetraplexes
(= CGC/GCG, GCC/GGC) fragile sites, fragile X syndrome

GAA/TTC | triplex DNA structure
(= AGA/TCT, AAG/CTT)

AGG/CCT triplex DNA structure, tetraplexes
(=GAG/CTC, GGA/TCC)

TGG/CCA " tetraplexes
(=GGT/ACC, GTG/CAC)
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1.3. Genome architecture

The conéepts of “base periodicity” and “repetitive sgqﬁences” are different; however,
repetitive sequences influence base periodicity. Base periodicity can be generated by amplification
of core units. Repetitive sequences including minisatellites, satellites, LINEs, and SINEs may be
- derived from core units. Paralogous protein coding sequences and multiplication of tRNAs and
rRNASs can also act as core units. The distributions of core units appear to be regulated in genomes.
Minisatellites with total lengths greater than 100 bp have a distribution strongly biased toward the
long arm of human chromosome 22 in the region of the telomere (Vergnaud and Denoeud, 2000).
Minisatellites similar to the chi sequence of lambda phage (GCTGTGG) are locateci within the
terminal 10% of chromosome 22 and are present at va much higher frequency in terminal R bands of
human chromosomes (Amarger et al., 1998). Chrorﬁosome ends appear to be relatively poor in
recombinatory units during human male mefosis, and the very high male recombination rates
observéd toward chromosome ends. Specific mechanisms must be activated during male meiosis,
and subtelomeric minisatellites appear to be involved in chromosome pairing either directly or via
interactions with pairing proteins (Ashley, 1994; Sybenga, 1999). Region—spepiﬁc low-copy repeats
(LCRs) (Lupski, 1998) are distinguished from highly repetitive sequences in the human genome. In
contrast to other repeats, LCRs often appear to be located preferentially near the centromeres and

telomeres of human chromosomes (Eichler et al., 1999).
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1.4. Objective of the present study

Computational approaches for idéntifying protein-coding sequences are available, whereas
identifying regulatory elements or hidden signals in genomic DNA, which is composed prirhan'ly of
noncoding sequences, is very difficult. Because power spectrum analysis is very sensitive method
for detecting hidden periodicities in a genome, it can be used to study repetitive sequences
associated with biological functions and to identify hidden signals in noncoding sequences.
Recently, the complete sequences of the genomes of many organisms have been determined, and
thus, it will be possible to examine species-specific periodicities and self-similarity in the base
organization of individual genomes. The purpose of present study was to investigate the hidden
periodicities (from short to long periodicities) in a wide variety of prokaryotic and eukaryotic
genomes for which complete sequence is available. I used a pbwer spectrum (described in Section
2.1) and to characterize théir periodicities at nucleotide sequence level based on a parameter

(F{N1,V2); described in Section 2.3). Unique repetitive sequences can be identified by power

~ spectrum analysis. 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 of periodicity reflected in codon usage
and DNA helical repeat structures in prokaryote and eukaryote genomes. An 11-bp periodicity is
found in eubacteria, whereas a 10-bp periodicity is observed in archaebacteria and eukarya. I

discuss this difference in periodicities on the basis of histone and histone-like protein structures.
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Next, I analyze the longer hidden periodicities, which are species-specific, in C. elegans, A.

‘ thali’ana, D. melanogaster, and H. sapiens (in Section 3.2). In C. elegans, 68-, 59-, éﬁd 94-bp
periodicities were detected. I also discuss the centric function of worm éhromosomes. In 4.
thaliana, ten periodicities were identified. I found that two periodicities (126 and 174 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 gommon periodicities
associated with nucleosome structure in the human geﬁome. In H. sapiens, 167- and 84-bp
periodicities were detected along the entire lengths of chromosomes 21 and 22. Interestingly,
167-bp is the length of DNA that forms two ’complete helical turns in nucleosome organization.
Moreover, these periodicities were associated with NGG-repeat forming self-assembly DNA.

The relation of fractal property observed m long-range correlation to gene organization of |
genomes is described. in Section 3.3. The slope of the logarithm of power (log S(f)) to the logaﬁthm
of frequency (log()) is aésociated with a fractal property in genomic sequences (Table 2). A flat
power spectrum corresponds to a random sequence. In other Words, if the slope is 0, the sequence is
representative of those produced by random processes. When the slope is close to —_1 , the
nucleotide sequence has a characteristic fractal correlation, and a slope between 0 and —1 indicates
along-range correlation, meanihg that the self similarity is reflected in the base organization.

Extreme flat spectra in middle frequencies were observed in genomes of two insects: D.

melanogaster and A. gambiae. The significance of long-range correlation in genomic sequences is
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unclear. Because DNA sequences show the long-range correlations, it is worth examining the
evolutionary origin of genomes. In Section 3.4, I present a model for describing long-range
correlation with respect to the flat 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 insertion of a core sequence. These changes correspond to mutation, duplication or
slippage, and foreign gene insertion event, respectivély. The flat spectra of insect genomes can be
explained by this model. This thesis provides evidence that periodicity, including long-range
correlation, 1s common to all genomes, suggesting the basic strategy for organization of a genome

in nature.
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Table 2. Interpretation of the exponent f§ (S(f) o< f B).

Exponent 3 interpretation

-2 Brownian motion or random walk
-1 1/f noise (= Fractals)

-1<p<0 _ VF long-range correlation

0 white noise (random sequence)

21



2. Methods

2.1. Long-range correlation

The term ‘power-law’ can be explained as follows. Let us consider one-dimensional
movement of an object. The object is located at position x(#) at time z. The correlation between x(¥)

and x(z+7), which are separated by time lag 7 is represented by the autocorrelation function
(D= (x(t)x(¢+ 7)) ®

where the brackets (< >) denote the average over the positions along the time. When the object is
located in a positive region at both # and #+7or in a negative region at both 7 and #+7, C(7) has a
positive value. When the positions x(¢) and x(#+7) are inversely correlated, Cy(7) is negative.

Statistical independence between positions separated by time lag 7implies that
(x(£)x(t +7)) = (x())" . In the case that C(?) is larger than (x(r))’, is called the correlation length.

The relation between C(7) and 7expressed in Eq. (2) is referred to as the “power law”

)~ 7 2
In general, most physical processes can be characterized by exponential decay (C«(7) ~ e™*) of
the correlation function C(7). This can be explained as follows. Let us consider the magnetism of

iron. At the atomic level, the magnetization consists of a spin with two states. One state is ‘up’ (or
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magnetic), whereas the other is ‘down’ (or non—magnétic). Where the spins are aligned uniformly,
jron is transformed into magnetism. The degree of the order of the spin array is characterized by the
correlation function. Exponential decay méans that compoﬁents of a spin pair, s; and s;, are
sepérated by a distance, /, that is not correlated. The transition between the magnetic and
non-magnetic states occurs at a critical temperature. However, the correlation function is expressed
by Eq. (2) at the critical point. This is called the “critical phenomena’ (Stanley, 1971) because the
power-law (Cy(7) ~ 7% with a < 0) decays more slowly than does the exponential function (Cx(7) ~
¢ ). Such power-law correlation is typically called a long-range correlation. Moreover, many
systems evolve spontaneously to the critical state, refer to as self-organized criticality (Bak et al.,
1988; Bak and Chen, 1991).»Long-range correlations are now considered as signatures of
self-organized criticality; Thus, the long-range correlation is very important for understanding the

behavior of a system, for example, nucleotide organization in a genome.

2.2. Power spectrum analysis

The power spectrum is the transformation of a sequence of variables in the “frequency space.”
It has the advantage that aﬁy hidden or latent periodic patterns existing in the original data become
evident after transfonhation; hidden periodic signals are visible as peaks in the spectrum. Because
the power spectrum can be applied only té numerical sequences, each DNA sequence was
transformed into a binary séquence x;. First, the base of the jth position was represented by b;,

where j=0,1,2,..., N-1 and b= A, T, G, or C. In the case that base A is targeted for
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transformation, if b; is equal to A, then x; is set to 1, otherwise, x; is set to 0. Thus, the DNA
sequence is transformed by binary sequence (Voss, 1992; Vieira, 1999).

Consequently, four sets of binary sequence are generated from a DNA sequence. The power
spectrum of a binary sequenée x, of length N is by definition

N-1 2

SU) = e X%, exp(-2if) | o

u=0
where = —1 and frequency with j-base length f;=j/N (j =0, ..., N-1). In other words, the power
spectrum is the squafe of the Fourier trahsformation of x,. Fourier transformation is explained as
followé. In general, a process can be described in the time domain by the values of some quantity y
as a function of time ¢ (e.g. y(7)). However, a process can also Be described in the frequency domain,
where the process is specified as amplitude Y as a function of freqﬁency f, thatis Y(f). It is usgful to
think of y(#) and Y(f) as two ciifferent representations of the same function. This relation between
() and Y(f) is the Fourier transformation. The two representations are described as Eq. (2a) and Eq.

(@2b).
Y() = [ (0 exp(-2mp)at (29)

(@) = [ Y(f)exp(rfi)df (2b)

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

time series (9), Fourier transformation can be used to study the periodicity in genomes.

From Eq. (1), it can be seen thatS(f,) = <xu>2 , where the brackets (< >) denote the average along
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the sequence. As a result, this quantity carries no information regarding the relative positions of the
nucleotides. Therefore, this quantity was neglected throughout the calculations; that is, only
frequencies with j > 0 were used in the present study. Because the power spectrum for
subsequences of real numbers is symmetric with respect to the axis f= 0.5, the plot of the power

spectrum is only for frequencies in the interval of 0 to 0.5.

The average power spectrum was computed by

1 JHl4n/2

SU)=—- Y.S(. ®)

s=jni2
The power spectrum can be averaged by calculating it for the entire sequence of N points and
plotting it by averaging over n neiginboring points. In the present stud}-', I used a fast Fourier
transformation algorifhm (Cooley and Tukey, 1965) that accelerates calculation of the power

| sbectrum. The length of DNA sequence analyzed should be a power of 2, that is, 2" nucleotides,

- where m is an integer.

Typically, the spectrum landscape can be classified into three types: flat, sharp peaks, and
slope. Figure 2a, b, and ¢ provide examples of the three types of spectra. A flat spectrum is obtained
in frequency range from approximately 10~ to 0.5. Two peaks are obsérved at the frequencies with
~ 0.091 (=1/11) and 0.333 (= 1/3), which correspond to 11-base and 3-base periodicities in DNA
sequence. A slope spectrum is observed when the frequency range is smaller than 107 (1/bp),
which is associated with fractal property. Computation of the slope of the. logarithm of power (log
S(f) to the logarithm of frequency (log(f)) provides us with information regarding nucleotide
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organization in DNA sequences. Again, a flat Vksﬂin‘ectrvum, S"(f) oc @nstant, represents random
sequences, and this spectrum is known as ‘white noise,” which represents true random phenomena.
Integration of whit¢ noise produces a Brownian motion or random wélk with S(f) e . The

- spectrum underlying a periodic pattern in the DNA sequence has sharp peaks that correspond to
periodicities. For éxamples, the sine function of trigonometry has a sharp peak at 1/27. The slope
spectrum S(f) o< f° B is known as the “power-law” distribution and is related to fractal properties. In
parﬁcular, S(f) o< [P with B=-1is palled ‘1/fnoise.” Many naturally occurring fluctuations, for
example, from electronic voltages, time standards, and meteorological, biological, traffic, economic,
and musical quantities, have nontrivial correlations (long-range correlations). Interpretation of the
exponent 3 is summarized in Table 2. In the case of the Escherichia coli genome shown in Figure 2,
the exponent § = —0.73 (for adenine) is obtained in the frequency range smaller than 107 (1/bp).

There is a long-range correlation in this frequency range.
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Figure 2. Typical spectra of Escherichia coli genome and classification of spectrum patterns.
(a) flat spectrum, (b) sharp spectrum, and (c) slope spectrum. A flat spectrum, S(f) «< const,
represents a random sequence and is known as ‘white noise.” The spectra with sharp peaks
correspond to periodicities. A slope spectrum, S(f) o< f ﬂ(B < 0), is known as the power-law

distribution and is related to fractal properties of the sequence. The power spectrum in
genomes is typically called the partial power-law.
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2.3. Periodic nucleotide distribution parameter
The role of power spectrum in the analysis of genomic DNA sequences is to identify
undérlying periodicities in DNA. Basically, the power spectrum is calculated by applying Fourier
transformation. To identify regions that contribute to a certain periodicity, the periodic nucleotide

distribution parameter Fi(N;,N) (Fukushima et al., 2002a) is calculated by

__ SN, N,)

Fil, Na) = SN f(N,)

“4)

Here, N1, N) denotes the number of the nucleotide pair N; and N, at distance & bp in window l;,
and j(Ns) denotes the number of the single nucleotide N; (s = 1, 2) in window L. When the
occurrences of nucleotides N; and N, at distance k bp are statistically independent, fk(Nl,sz) =AN)
. j(Nz). If F\(N1, N-) is significantly larger than 1, the nucleotide pair is highly abundant in some
regions of the genome. Bias in the nucleotide composition of the genome is decreased in Fi(Ny, N2),
that is F,(NV,, N2) = 1. In the present analysis, N1 and N, were set as identical nucleotides (A, T, G,
and C); that is, they were examined by F,(V;, V) for individual DNA sequences.

The parameter Fi(N1,N;) in Eq. (4) can be extended from individual nucleotide occurrences to
sequence occurrences. In the uth nucleotide sequence, the number of the four nucleotides (A, T, G,
and C) in the sequence NS, are denoted by ba(NS,), br(NS,), bo(NS,), and bo(NS.); il NS1, NS2)
represents the number of the pair of nucleotide sequences NSy and NS; separated by k£ bp in window
L. fiINS,) represents the number of the nucleotide sequence NS, estimated statistically from single

nucleotide numbers (# = 1, 2) in window L. The periodic nucleotide distribution FiNS;,NS3) is
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therefore calculated by

S (NS, NS,)

F,(NS|,NS,) =
FNS,)- F(NS;)

)

where, f(NS,)= f(4)4%) . ()05 . f(G)o®) . £(C)*).

2.4. DNA sequences ana’lyzed

I analyzed available genomic DNA sequences retrieved from GenBank web site
(http://www.ncbi.nlm.nih. gov/Genbank/). The genomés analyzed are listed in Table 3. The longer
contigs of human,‘ﬂy, and mosquito sequences were retrieved from genome draft sequencés:

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

Eubacteria

Archaebacteria

eukarya

Escherichia coli
Bacillus subtilis

Neisseria meningitidis Methanobacterium thermoautotrophicum

Helicobacter pylori
Rickettsia prowazekii
Chlamydophila pneumoniae
Mycobacterium tuberculosis
Borrelia burgdorferi
Synechocystis sp.
Deinococcus radiodurans
Aquifex aeolicus

Thermotoga maritima

Archaeoglobus fulgidus

Methanococcus jannaschii

Pyrococcus horikoshii
Aeropyrum pernix
Halobacterium sp.
Thermoplasma volcanium

Thermoplasma acidophilum

Homo sapiens
Drosophila melanogaster
Anopheles gambiae
Arabidopsis thaliana
Caenorhabditis elegans

Saccharomyces cerevisiae
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3. Results and Discussion

3.1. Short periodicities in prokaryotic and eukaryotic genomes

The power spectra for high freciuency regions of genomes that have been sequenced
completely are shown in Figure 3. All prokaryotic and eukaryotic genomes have a 3-bp periodicity
(corresponding to frequency /= 1/3), that cdrresponds to the periodicity associated with codon
usage. This periodicity has been reported by Shepherd (1981a, b), Fickett (1982), Staden (1990),
Tsonis et al. (1991), and Gutierrez et al. (1994). The 10- and 11-bp periodicities are explained by
the DNA helical repeat structure (10.55 1 0.01 bp) as reported by Trifonov and Sussman (1980) and
Tomita et al. (1999).

The power of the 10-1k1 bp periodicities is much srhaller than that of the 3 bp (Figure 3). The
11-bp periodicity was observed in six eubacteria (E. coli, Helicobacter pylori, Chlamydophila
pneumoniae, Synechocystis sp., Deinococcus radiqdurans, and Thermotoga mariﬁmé), two archaea
(Aeropyrum pernix and Halobacterium sp.), and three eukarya (Saccharomyces cerevisiae, C.
elegans, and A. thaliana). The 10-bp periodicity was observed in one eubacteria (Aquifex aeolicus)
and six archaea (Archaeoglobus fulgidus, Methanococcus jannaschii, Methanobacterium
thermoautotrophicum, Pyrococcus horikoshii, Thermoplasma acidophilum, and Thermoplasma
volcanium). The 10-bp’periodicity was prevalent in the hyperthermophilic bacteria 4. aeolicus and
archaebacteria (see Figure 3b), and the 11-bp periodicity was also prevalent in eubacteria (see

Figure 3a). These results are consistent with those of other reported spectral analyses (Trifonov,

31



11998; Herzel et al., 1999). If the sequence periodicities reflect the characteristic superhelical
densities of genomic DNA, the diffefencés in periodicities between hyperthermophilic bacteﬁa,
archaebacteria, and eubacteria can be explained as follows. Archaeal histoﬁés are structurally
similar to eukaryotic core histpnes, that ié, eukaryotic and archacal DNAs are packed as
nucleosomes in negatively-constrained supercoils (Sandman, 2000). Some periodicities are known
to cause curvature of the DNA. The genomic sequences in eukarya and archaea are organized and
stabilized by interactions between histones and nucleotides, and the 10-bp periodicity contributes to
this nucleosome organizétion. The 11-bp periodicity was consistent with the occurrence of negative
supercoiling in bacterial DNAs (Trifonov and Sussman, 1980; Vologodsky, 1992). The 10-bp
periodicity was observed in all eukaryotes examined; and the periodicity observed in C. elegans
was more prevalent than that in S. cerevisiae or A. thaliana (see Figure 3c). Cénsequently, the
10-bp periodicity is prevalent in eukarya and archaea, and thé 11-bp periodicity is prevalent in
eubacteria. This difference is explained mainly by the high-order structure associated with packing

of DNA in the cells.
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3.2. Periodicities in eukaryote genomes

The sizes of the C. elegans, A. thaliana, D. melanogaster, A. gambiae, and H. Sdpiens
genomes are 97, 130, 180, 278, and 3,000 Mb, respectively (C. elegans Sequencing Consortium,
‘ 1998; Lin et al., 1999; Theologis et al., 2000; European Union Chromosome 3 Arabidopsis
Sequencing Consortium, 2000; The European Union 4rabidopsis Genome Sequencing Consortium
& The Cold Spring Harbor, Washington University in St. Louis and PE Biosystems Arabidopsis |
Sequencing Consortium, 1999; The Kazusai DNA Research Institute, The Cold Spring Harbor and
Washington Uﬁiversity in St. Louis Sequencing Consortium & The European Union Arabidopsis
Genome Sequencing Consortium, 2000; Adams et al., 2000; Lander et al., 2001; Venter et al.,
2001; Holt et al., 2002). The nematode C. elegans was the first multicellular orgénisnis for which
sequenced complete genomic sequence was available; it contains five autosomes and the sex
chrémosome X. Its genome has 36% G+C content. The genome of the flowering plant 4. thaliana
haé five chromosomes that are remarkably uniform in 36% G+C content and a small repeat
sequence. Both D. melanogaster and A. gambiae have five major chromosomes (X, 2L, 2R, 3L, and
3R), but D. melanogaster contains a small chromosome 4. The genomic G+C content is 41% for D.
melanogaster and 35% for A. gambiae. The human genome, like the genomes of most
Wérm—blqoded vertebrates in general has long-range G+C% mosaic structures or isochores that are
rélated to chromosome bands (Bernardi et al., 1985; Ikemura, 1985; Ikemura and Aota, 1988;
Bernardi, 1989).

The total number of tandem repeats is not proportional to chromosome length in three genomes
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(. elegans chromosome 1 (12.75 Mb), 4. tkaliana chromosome 4 (17.8 Mb), and human
chromosome 22 (34.6 Mb)) (Dunham et al., 1999). The number of positive minisatellites is similar
in.the three species, althoﬁgh the chromosomal sizes are &ifferent. A strong telomeric bias is
observed in C. elegans chromosome., similar to that of human chromosome 22. In contrast, the
distribution of minisatellites in 4. thaliana is strikingly different from the distribution in human and
in C. elegans. Tandem‘ repeats are located mainly around centromeres. C. elegans chromosome 1
has telomeric bias for both short oligomers (6- and 12-bp units), resulting ﬁom the presence of
many (TTAGGC)n telomere-like tandem arrays, and longer oligomers (> 18 bp). Human
chromosome 22 also has telomeric bias for repeat units longer than 17 bp. In yeast, 16 bp is the
threshold above which mismatch repair mechanisms are unable to correct DNA loops (Sia et al.,
1997). In contrast with C. elegans, the telomeric bias for human chrdmosome 22 appears only for
arrays longer than 120-140 bp. This threshold is comparable to the triplet repeat instability observéd
above 40-50 repeats. No telomeric bias is observed for 4. thaliana chromosome 4 (V ergnaud and
Denoeud, 2000). In this section, periodicities in genomes from power spectrum analyses (Section
2.2) are characterized by nucleotide sequence level on the basis of the ‘periodic nucleotide

distribution parameter described in Section 2.3.

(a) C. elegans
The power spectra for all C. elegans chromosomes are shown in Figure 4. Each chromosome is
divided into 2?*>-bp subsequences (approximately 4.2 Mb) along the DNA strand registered in

GenBank with a moving step-size of 2.1 Mb (spectra from top to bottom in Figure 4). These include
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a 68-bp periodicity in chromosome I, a 59-bp periodicity in chromosome II, and a 94-bp periodicity
in chromoson‘@ III (marked in Figure 4). Although there are many peaks in regions with frequencies
flarger than 2 x 1072 (i.e., periodicity shorter than 50 bp), I focused on several distinct periodicities
foumi in regions with frcqueﬁcies less than 2 x 1072 (i.e., periodicity longer than 50 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 pedodiciﬁes to nucleotide sequences, the genomic distribution of nucleotide
pair N; and Nl separated by k bp was examined with parameter Fi(N;, Ni) (see Section 2.3). Figﬁre
5 shows the distributions of the 68-, 59-, and 94-bp periodicities in a 10-kb window along each
chromosome; FktNl, Ny) is higher than 1.5 in 11 regions that are designated by ID numbers FCEI to
CE11 (Figure 5). The consensus sequences comprising the individual periodicities are listed in
Table 4. The 68-bp periodicities were found for four regions of éhromosome 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 similar betweén individual regions even if the pitches of the
periodicities were identical.‘ The consensus sequence of CE2, which is a cluster composed of 219
copies of the 68-bp periodicity on chromosome I, is similar to that of CE3 but is very different from
those of CE1 and CE4 (Table 4). It should be noted that CE1 contained as a 12-bp core element
sequence, CeRep45 (TTGGTTGAGGCT) that was characterized previously by Sanford ef al.
(2001).

Chromosome-specific periodic segments of 11-16 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. The three periodicities found in the present study (CE2, CE7, and CE9) are
larger than those reported previously (Katti e al., 2001), and they are distributed along the
chromosomes. Several are located near the centers of chromosomes. C. elegans has holocentric

- instead of monocentric chromosomes. Diffuse kinetochores are formed along the entire length of
each chromosbme, and clear centromeric sequences are lacking in C. elegans (Comings and Okada,
1972). Though it is unclear if the periodic sequences observed in this study are related to
centromere function, the Strategy proposed in this study may have the power to detect the hidden

periodic sequences, if present, that are related to centromere function.
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Figure 4. Power spectra (in log-log scale) of C. elegans chromosomes. Each DNA sequence is
divided into subsequences of length 3% bp (approximately 4.2 Mb) with a step-size of 2.1 Mb.
Circle indicates location of periodicity length in the genomic sequences.
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Table 4. Periodic elements in C. elegans.

ID Chr Region Period The number Consensus core sequence
(Mb) (bp) of consensus
core sequences

CEl I 1.34-1.35 68 6 TTGCTGATCTCGGTAARATATGCCAAATTTC
CCGTTTGCCGACATCGGCARATTTGCGGAA
TTCGCCGT

CE2 I 8.53-8.54 68 219 TTTGTGTTTTCTTTCTGAAATTCTAAGAAT
TTTGGTAAAAGAAAACCATTGTCAACTGAA
TAGGTTGA '

CE3 I 12.32-12.33 68 29 TTTGTGTTTTCTTTCTGAAATTCTAAGAAT
TTTGTTAAAAGAAAACCATTGTCAACTGAA
TAGGTTGA

CE4 I 14.86-14.87 68 17 TTAATTTTGGTTGAGGCTAACACACTACAA
ACTACAACATTTTCTAGCCTCAACCAATTA
AARAAARRA

CE5 II 0.68-0.69 59 76 GGTGAGACCCATCGCGGTGAGACCCATCGT
GACGAGACCTTTCGTGGTGAGACCCATCGT

CE6 II 1.02-1.03 59 194 TTCGTGGTGAGACCC

CE7 II 10.19-10.21 59 297 TTTGAAAACCAGTGCACAATTGAAACTCCA
TATTCTCAATAATTCTCAGTTTAAAAAAA

CES III 5.38-5.39 94 (none)

CE9 IIT 6.22-6.27 94 329 TTTTCCCATTGATTTGTCTACAAAGGGCAT
CGAAAAGCACCCAATATTTAGAGAACAGAA
GATTTTGAGAATTACTGCCTCCAGAAATTG
ATGA )

CE10 IIT 10.54-16.55 94 151 TTTGCGGTTTGC

CE11l v 3.16-3.17 924 121 TTCATCTAATGGTCTAACTTTGGAAA
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Figure 5. Periodic nucleotide distributions based on parameter Fi(Ny, Ny) values with a 10-kb
window in C. elegans chromosomes. Eleven regions with Fy(/Vy, Ny) values higher than 1.5 are
designated by ID numbers CE1 to CE11 (corresponding to Table 4). The total length of each
chromosome is normalized to 1.0.
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(b) A. thalfana

The power spectra for the A. thaliana genome are shown in Figure 6. Three peaks are detected
in the middle of 4. thqliana chromosome 3, and many sharp peaks are detected in chromosomes 4
and 5. Several regions with frequencies less than 2 X 10? (i.e., periodicity larger than 50 bp) were
found: Three periodicities (248-, 167-, and 126-bp) were present on chromosome 3; three
periodicities (174-, 88-, and 59-bp) were present on chromosome 4; and four periodicities (356-,
174-, 88-, and 59-bp) were present on chromosome 5 (marked in Figure 6).

To describe these periodicities at the nucleotide sequence level, the genomic distribution of
periodic nucleotide sequences was examined with parameters F{Ny, N1) and FyNS1, NSy) (in
Section 2.3). The distribution of Fi(N1, N1) is shown in Figure 1. Five aréas with region-specific
distributién of a 126-bp periodicity was observed on chromosome 3 (Figure 7a, see G and C). These
regions were designated AT1-ATS5. The region-specific distributioﬁs of the 59-, 88-, and 174-bp
periodicities were examined on chromosome 4, and only the 174-bp periodicity was detected. These
areas were designated AT6 and AT7 (Figure 7b). In chromosome 5, I obtained two region-specific
distributions (AT8 and AT9) for the 174-bp periodicity, and two (AT10 and AT11) for the 356-bp
periodicity (Figure 7c). The distribution of the 356-bp periodicity designated by AT10 extends from
11.38 to 11.60 Mb and that designated by ATlvl extends from 12.73 to 12.75 Mb. Core sequences
comprising trinucleotide structure with Fy(Ny, N;) or Fi(NSy, NS;) larger than .2 are listed in Table 5.
NGG-type sequences were detected on several chromosomes (AT1, ATS, and ATS5 for chromosome
3; AT6 and AT7 for chromosome 4; and AT8 and AT9 for chromosome 5). NGG-type sequences
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were found in AT1. It is well known that NGG-tepeats (CGG, TGG, and AGG) form tetraplexes
(summariZed in Table 1). Perfect tandem NGG—repeais Were not detected in those regions.

Short répeats consisting of AAG/CTT were detected in the AT4 and AT11 regions. These may
be related to triplex formation. The AT10 region also contains short AGC-type repeats that are
related to the unusual DNA structure. ORFs in the ATI region have Gly at high frequency (Table 6).
The Gly éodons correspond to GGN. Thus, cbre sequences comprising beriodic structures reflect
the amino acid composition in an ORF. The periodic sequences in Table 6 reflect amino acid
composition obtained from the present analysis. The common sequence, SPPPPYVYSSPPPPYYS,

~was also found in six regions AT2, AT3, AT5, AT6, ATS, and AT9 (Table 6).
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Figure 6. Power spectra of A. thaliana complete genome for short periodicities in log-log scale
(a) Chromosome 1 (GenBank accession #: NC_003070), (b) chromosome 2 (NC_003071), (¢)
chromosome 3 (NC_003072), (d) chromosome 4 (NC_003073), and (e) chromosome 5
(NC_003074). The spectra of A resemble those of T, and the spectra of G curves are similar to
those of C.
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Table 5. Core sequences consisting of trinucleotide with F(NSy, NSy) larger than 2.

chr.3 ar1 F,, ar2 F,,, AT3 F, aT4 F,,, aTs  F,,,
GGC 3893.9 GTA 174.3 TGG 455.6 AAG 78.9 TAC  318.7
TGG 726.6 Gra 223.9 AGA 57.0 cca 533.2
GGT 363.3 GAA 74.5 TAA 21.6 TTT  58.4
TTT 29.4 TTT 29.4 ARA 9.4 ™66 1527.3
GTA  239.9
Chr.4 areé F,, ar7 F,
TGG 672.2 CCA 290.4
TTT 53.3 cac 193.6
AAA 54.8  AAA 32.5
Chr.5 ars F,, aT9 F,, ATIO0 F,,, ATl F,,,
TGG 736.7 TGG 909.5 AGC 278.6 TCT 131.0
GTA 109.9 GTA 124.2 TGA 79.3 °  TAT 9.0
aan 47.9 AAR 56.2 acT 78.5 ATA 6.7
TTT 32.3 TAC 61.7
ATT 31.6 TGT 57.8
AGA 32.9
TAG 27.9
ATA 5.3

44



{a) Chromosome 3

k=126 bp k=167 bp k=248 bp

|
‘
;

Frequency

18 AT3
AT AT2
10,70 Mb  20.07 MB
il 841 M |

1.8 AT5

T4 @OB Mb
: (31030 Mb

[ E. 10 15 20 250 5 10 15 20 250 5 10 15 20 25

Genome Position [Mb]

Figure 7a. Periodic nucleotide distributions based on F,(Ny, V) values with 10-kb window on
A. thaliana chromosome 3. Five regions with Fy(Ny, Ny) values higher than 1.4 are designated
by ID numbers AT1 to ATS.
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{b) Chromosome 4
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Figure 7b. Periodic nucleotide distributions based on F(/Ny, V) values with 10-kb window on
A. thaliana chromosome 4. Two regions with Fi(V;, NV;) values higher than 1.4 are designated
by ID numbers AT6 and AT7.
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{¢) Chromosome 5
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Figure 7¢. Periodic nucleotide distributions based on F(Ny, Ny) values with 10-kb window on
A. thaliana chromosome 5. Four regions with Fy(/V;, V) values higher than 1.4 are designated
by ID numbers ATS8 to AT11.
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Table 6. Relation between periodicities and amino acid sequences in ORFs.

ID chr. aa—sequence characteristics product protein [gene namel

ATl 3 Gly-rich* hypothetical [At3g23450]

aT2 '3 SPPPPYVYSSPPPPYYS repetitive unknown [At3g28550]

AT3 3 SPPPPYVYSSPPPPYYS-repetitive extension precursor-like [At3g54580]
aT4 3 Gly, Ser, Ala—rich** histone-H4-like [At3g28780]

ATS 8 SPPPPYVYSSPPPPYYS-repetitive extension precursor —like [At3g54590]
AT6 4 SPPPPYVYSSPPPPYYS-repetitive extension-like [At4g08410]

aT7 4 Not found hypothetical protein [At4g01980]

AT8 5 SPPPPYVYSSPPPPYYS-repetitive putative [At5g06640]

AT9 5 SPPPPYVYSSPPPPYYS-repetitive putative [At5g49080]

[Gly-rich sequence ()]
MGRLVSGATLLALLCFHVFVVNVVARDVSSGRDEDEKTLVGGGKGGGFGGGFGGGAGGGV
GGGAGGGFGGGAGGGFGGGGGGGGGGGGGGGGGFGGGGGFGGGHGGGVGGGVGGGHGGGV
GGGFGKGGGIGGGIGKGGGVGGGIGKGGGIGGGIGKGGGVGGGIGKGGGIGGGIGKGGGI
GGGIGKGGGIGGGIGKGGGIGGGIGKGGGVGGGFGKGGGVGGGIGKGGGVGGGFGKGGGV
GGGIGKGGGIGGGIGKGGGIGGGIGKGGGIGGGIGKGGGIGGGIGKGGGIGGGIGKGGGI
GGGIGKGGGIGGGIGKGGGIGGGGGFGKGGGIGGGIGKGGGIGGGGGFGKGGGIGGGIGK
GGGIGGGFGKGGGIGGGIGGGGGFGGGGGFGKGGGIGGGIGKGGGFGGGGGFGKGGGIGG
GGGFGKGGGFGGGGFGGGGGGGGGGGGGIGHH -

[Gly, Ser, Ala-rich sequence (**)]

MGPSAHLISALGVIIMATMVAAYEPETYASPPPLYSSPLPEVEYKTPPLPYVDSSPPPTY
TPAPEVEYKSPPPPYVYSSPPPPTYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVDYKS
- PPPPYVYNSPPPPYYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVEYKSPPPPYVYSSP
PPPYYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVEYKSPPPPYVYSSPPPPYYSPSPK
VDYKSPPPPYVYSSPPPPYYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVDYKSPPPPY
VYSSPPPPYYSPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVDYKSPPPPYVYSSPPPPTY
SPSPKVDYKSPPPPYVYSSPPPPYYSPSPKVEYKSPPPPYVYSSPPPPTYSPSPKVYYKS
PPPPYVYSSPPPPYYSPSPRVYYKSPPPPYVYSSPPPPYYSPSPKVYYKSPPPPYVYSSP
PPPYYSPSPKVYYKSPPPPYVYSSPPPPYYSPSPKVYYKSPPPPYVYSSPPPPYYSPSPK
VHYKSPPPPYVYSSPPPPYYSPSPKVHYKSPPPPYVYNSPPPPYYSPSPKVYYKSPPPPY
VYSSPPPPYYSPSPKVYYKSPPPPYVYSSPPPPYYSPSPKVYYKSPPPPYYSPSPKVYYK
SPPHPHVCVCPPPPPCYSPSPKVVYKSPPPPYVYNSPPPPYYSPSPKVYYKSPPPPSYYS
PSPKVEYKSPPPPSYSPSPKTEY
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(¢) D. melanogaster

The power spectra of all chromosomes of D. melanogaster have short periodicities. All
chromosomes contained a 3-bp periodicity (frequency /= 1/3) and a 10-bp periodicity (f= 1/10)
(Figure 8). These rcsults are consistent with the eukaryotic periodicities associated vyith chromatin
structure (see also Figure 3c¢). I also found that all D. melanogaster chromosomes have = 5-bp
periodicity, f=1/5, mdicated by arrows in Figure 8. Interestingly, 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(N;, N;) values with 10-kb
Window for the D. melanogaster X chromosome are shown in Figure 9. For nucleotide G or C, the
FyN,, N)) average is the highest for the 3-bp periodicity. The average of these three pen'odicities
was higher than 1.0 (Figure 9). I have already indicated thai: this 3-bp periodicity is associated with
codon structure (Section 3.1). In cohtrast, the a;rerage of A and T is the lowest in 3-bp 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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Figure 8. Power spectra of D. melanogaster genomic DNA at short periodicity in log-log plot
(a) Chromosome X (AE002566), (b) chromosome X (AE002593), (¢c) chromosome 2L
(AE002690), (d) chromosome 2R (AE002787), (e) chromosome 3L (AE002602), and (f)
chromosome 3R (AE002708).
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Figure 9. Periodic nucleotide distributions based on F x(V1, N1), values with 10-kb window in
D. melanogaster X chromosome. Period sizes k set to 3,4, and 5 bp.
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(d) H. sapiens chromosomes 21 and 22

It is of interest how the human genome differs from those of other species. From a
periodical point of view, examination of the H. sapiens genome is very important. Power spectra of
human chromosomes 21 (Hattori et al., 2000) and 22 (Dunham et al., 1999) are shown in Figure 10.
Two broad peaks centereci at the 167- and 84-bp i)eﬂbdicities are found across the entire lengths of
both chromosome_s (Figure 10). Interestingly, the 167-bp periodicity is identical to the length of
DNA that is known to forrﬂ two complete helical tu‘rns in one nucleosome with H1 histone (Sinden,
1994). It is possible that the respective sequences form contiguous arrays of a specific compact
form of nucleosome. The distributions of the 84- and 167-bp periodicities are shown in Figure 11 as
the periodic nucleotide density for a IO-kb window on human chromosomes 21 and 22. These
periodicities are present across the entire chromosomes because the baselines of these distributions
along the chromosomes are shifted to a level clearly higher than 1.0 (Figure 11). The cofe elements
corresponding to evident peaks (marked in Figure 11) contained a high frequency of TGG (Table 7).
In the case of 42 copies of a 167-bp periodic element clustered in the 3.49-3.50 Mb region of
chromosome 22 (ID number H3), each element was composed of TGG-contaiﬁing sequences such
as GGCTGG, CTGGCT, and GCTGGC when represented by hexanucleotides (Table 7). On
chromosbme 22, the high frequencies of TGG were found near the centromere (region HS2, 317
copiés of 84-Bp element, 0.39 to 0.40 Mb) (see Table 7 for the periodic elements). On chromosome

21,a cluste_r of the same 84-bp elements was detected in the region near the telomere (HS1) (Table
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7). Short TGG-repeats are known to form a specific subset of folded DNA structures (see Table 1)
and to be associated with the self-assembly phenomenon (Chen, 1997; Usdin, 1998). Elements
including short TGG-repeats observed in the prevsent study may form specific higher-order

structures, and the organization of these elements may be important for constructing nucleosomes.
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Figure 11. Periodic nucleotide distributions based on F(/V;, N;) values with 10-kb window on
human chromosomes 21 and 22. Seven regions with Fi(V;, Ny) values higher than 1.5 are
designated by ID numbers HS1 to HS7 (corresponding to Table 7). The total length of each
chromosome is normalized to 1.0.
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. Table 7. Periodic elements in H. sapiens.

D Region Period Consensus core The number
(Mb) (bp) represented with of consensus
hexanucleotide core(> 20 pairs)
composition
HS1 21 41.54-41.55 84 GTGGTG 167
TGGTGG 167
GGTGGT 166
TAGTGG 97
TGGTGA 96
GTGATG 94
ATGGTG 92
TGATGG 92
GATGGT 91
HS2 22 0.39-0.40 84 TGGTGG 317
GGTGGT - 309
GTGGTG 281
TGATGG 88
GATGGT 84
ATGGTG 70
GTGATG 74
HS3 22 3.49-3.50 84 TGGCTG 42
. GGCTGG 38
CTGGCT 27
GCTGGC 20
HS4 22 5.63-5.64 84 ATTTCA 34
TTTCAT 31
TCATTT 30
CATTTC 27
HS5 22 33.82-33.83 84 AATGTG 27
HS6 22 34.29-34.30 84 AATGTG 22
HS7 22 3.49-3.50 167 TGGCTG 42
GGCTGG 38
CTGGCT 27
GCTGGC 20
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3.3. Spectrum landScape of low frequency in genomes

Relation between fractal and gene organization

Long-range correlation related with self-similarity is the focus of this section. Because large or
even complete genomic.sequences are available for many species, calculation of the spectra for
several genomes is possible. It has‘been reported that the slope of the logarithm of power (log S())
to the logarithm of frequency (log(/)) is associated with fractal properties (Li, 1991; Li and Kaneko,
1992; Voss, 1992). The slope is _generally referred to as the exponent. As described in Section 2.1
and summaﬁzed in Table‘ 2, a flat power spectrum corresponding to the slope of 0 can be associated
with random sequences. In the case of a slope close to —1 (S(f) < f ), the nucleotide sequence has
the signature of fractal correlation, and a slope between 0 and —1 indicatgs long-rangé correlation
(Li, 1991; Li, 1992).

The human genome has heterogeneous properties characterized by two distinct slopes thaf
have been designated . for the region with larger than 10° bp periodicity (frequency < 10_"5) and
for the region §vith 10* to 10° 5p periodicity (Figure 12a). Whereas GC corhpqsition is known to be
homogeneous within genomes of most prokaryotes and unicellular eukaryotes, the genomes of
higher vertebrates have mosaic GC% structure, referred to as "isochores" (Bernardi et al., 1985;
Ikemura, 1985; Ikemura and Aota, 1988; Bernardi, 1989), that appear to be related to replication
timing (Holmquist, 1989; Bernardi, 2000; Watanabe et al., 2002). This coﬁplexity should b¢

reflected in the heterogeneous nature of the slopes observed in human chromosomes. The relations
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between GC% and the slopes (o and B of each human chromosome) are showh in Figure 12b. All
chromosomes had similar o slqpeys, which Weré close to —1 regardless of the GC% (correlation
goefﬁcient = 0.18). It should be noted that the B slope was observed in the fange of 10 to 100 kb
and was clearly conf:iated with the GC% (correlation coefficient = —0.84) for each chromosome.
The range from 10 to 100 kb is roughly the size of many genes. Furthermore, GC% in the human
genonie is knoWn to be related to gene density. For example, human chromosomes 19 and 22 have
high GC% (49% and 48%, respectively) and high gene density (23 and 17 genes/Mb, respectivély).
Conversely, chromoéomes 4 and 13 have low GC% (both 38%)‘ and low gene density (6 and 5

' genf:s/Mb, respectively) (Lander>ez“ al., 2001; Venter et al., 2001). Chromosomes with a fligh GC%
aﬁd high gene density tend to have a [ slope closer to —1 (Figure 12b). Gene density and GC% may
be imi)ortant factors producing fractal structures in ch:omosomes. In addition, the highly variégated
landscape of GC-poor and GC-rich isochéres typical of these chromosomes (Pavlicek et al., 2001;
Oliver et al., 2001) and gene organization (and présumably exon and intron organization) may also
cbntribute to fractal structure. The cause of fractal property in genomes can be exblained with the
following model (Figure 13a). First, a genetic unit is duplicated, and a strucfcure consisting of
repeats of the unit is organized in the genome. The repetitive structure is again duplicated and
organized in the genome. The size 6f the unit now roughly correspoﬁds to the size of a gene. Thus,
gene duplication may be one factor generating fractal property. 'Ihe 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. Then an equilateral triangle is replaced by
the middle third. In each stageb the number of line segments reduces by a factor of 4. After some
iteration, the fractal geometry wi& self-similarity is obtained (Figure 13b, on the bottom). The
duplication process in the genome is very similar to the mathematical process of generating fractal
properties. Further interprétation of fractals in genomes with a proposed mathematical model is
discussed in Section 3.4.

Power spectra in low frequencies have been examined for five chromosomes of A. thaliana
(Figure 14). The slopes of spectra for the four kinds of nucleotides have similar behaviors in this
range, so the representative relation between gene ‘number and the slope (exponent) for adenine is
shown in Figm'e 15. The exponent shows a strong correlation with the number of genes on the
respective chromosomes. Chromosomes with high gene numbers tend to have a slope closer to —1.
These findings also éuggest that there is a relation between fractal property and gene organization.
These results are consistent with those for H. sapiens (Figure 12b).

Flat spectra in two insects (D. melanogaster and A. gambiae)

The power spectra of D. melanogaster and A. gambiae are shown in Figure 16 and 17. The
spectra of A resemble those of T, andr the spectra of G are similar to those of C. Interestingly, the G
and C spectral curvés had a flat r¢gion in the middle frequency range from f=2.0 x 107 t0 107
(corresponding to a period size of 1 kb—5 kb) in fly, whereas the mosquito genome had two flat

regions. This type of correlation is called “partial power-law” (see Figure 2). In the high
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frequencies, the power spectrum is roughly flat, whereas the spectrum in low frequencies, the
spectrum is éxpreésed as the power-law decay (f®) with exponent approximately equal to B (B < 0).
The "1/f" noise (B =-1) of the given frequency range reveals the existence of a fractal structure
(Mandelbrot, 1982; Li, 1991, 1992; Voss, 1992). A recent observation with DNA sequenceé
revealed that the behavior of the power spectrum as a function of the frequency is visible three
different regiéns on the logarithmic scale: a flat rggion, a power-law regioﬁ, and another flat region
from low to high frequency (Vieira, 1999). A flat power spectrum indicatcs randomness; that is,
lack of correlation (Mandelbrot, 1982; Li, 1991, 1992; Voss,. 1992). Flat powér spectra in the
middle frequencies have not been observed in eukaryotes such as S. cerevisiae, C. elegans, A.
thaliana, and H. sapiens or prokaryotes (Figures 14, 16, and 17). Taking these findings into
consideration, our result for the D. melanogaster genome is very important for upderstanding
genome architecture (Fukushima et al., 2002b). The exponents in eukaryotic and prokaryotic
genomes are shown in Figure 18. In general, genomes with high gene density tend to have
exponents close to —1. The exponents of prokaryotic genomes, except that of Chlamydophila
pneumoniae (P = —0.44) are distributed around p = —1. Long-range correlations are observed in the
genomes of many species. Thus, the base organization of genomes contains fractal properties.

Exponents for the all genomic sequences analyzed are listed in the Appendix.
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Figure 12. (a) Representative power spectra of human chromosomes and description of slopes
o and B, Slope o is defined for the region with larger than 10° bp periodicity (frequency <
10”°) and slope B for the region of 10* to 10° bp periodicity. Power spectra are drawn for
human chromosomes 4 and 22. (b) The relation between genome GC% and slopes (o and B
for all human chromosomes; human draft genomic sequences compiled from GenBank for
individual chromosomes) were analyzed. All chromosomes had similar o slopes close to —1
that are independent of GC% (correlation coefficient = 0.18). In contrast, the B slope was
highly correlated with the GC% of the respective chromosome (correlation coefficient=
-0.84). ' '
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Figure 14. Power spectra of the A. thaliana genome in low frequency in log-log scale. (a)
Chromosome 1, (b) chromosome 2, (¢) chromosome 3, (d) chromosome 4, and (e)
chromosome 5. For all chromosomes the slopes of spectra were very similar in this range.
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Figure 15. Relation between gene number and exponent [the slope of the logarithm of power
(log S(f)) to the logarithm of frequency (log(f)] for A in A. thaliana chromosomes. The
exponent is correlated with the gene number of the respective chromosome (correlation
coefficient = —0.73). Slopes of other the nucleotide spectra are similar.
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Figure 16. Power spectra of D. melanogaster genomic DNA sequences in low frequencies in
log-log plot. (a) Chromosome 2R (accession #: AE002787), (b) chromosome 2L (AE002690),
(c) chromosome 3R (AE002708), and (d) chromosome 3L (AE002602). Spectra of A resemble
those of T, and the G curves are similar to those of C. Interestingly, the G and C spectral
curves contained flat regions at range from =107 to 10~ (corresponding to a period of

1 kb-5 Kkb).
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Figure 17. Power spectra of A. gambiae genomic DNA sequences in low frequencies in log-log
scale. (a) Chromosome X (accession #: AAAB01008807), (b) chromosome 2 (AAAB01008987),
(c) chromosome 2 (AAAB01008960), and (d) chromosome 3 (AAAB01008984). The spectra of
A resemble those of T, and the G curves are similar to those of C. Interestingly, the G and C
spectral curves contained two flat regions at ranges corresponding to periods of 0.1 kb to 0.5
kb and of 1.6 kb to 10.0 kb.
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3.4. Possible model of genome evolution

Considering the implications of long-range correlations, system behavior is characterized with
the expoﬁent of the spectra. The fractal property of eukaryotib genomes which is represented by the
exponent, is associated with gene organization (in Section 3.3). In particular, human chromospmes
have heterogeneous power spectra characterized by two distinct slopes (Figure 12a). Moreover, in
insect genomes (D. melanogaster and A. gambiae), the G and C spectral curves have flat regions in
the middle freciuency, which indicates random base sequence composition (Figures 16 and 17).
Consequently, the fractal property represented by the exponent of the spectrum is specific to the
species (orI chromosomes) (Figure 18 and Appendix). I have attempted to develop a model to
describe these properties.

Previously, Li (1991) proposed a model for S(f) o< f B with B=-101/f spectré) called an -
‘Expansion-modification systems.” This model provides a convenient method for my purpose.
‘Expansion-rﬁodiﬁcation systems’ is based on expanding a cellular automaton and has two types of
manipulations, mainly modification or mutation and expansion or duplication (L1, 1991, 1992).
Here, a cellular automaton is a méthematical and computational construct that consists of an array.
A cell is defined as an element of this array. A cell has different states (dead = 0 and living = 1).
| The cellular automaton permits transition from oné state to another at one step in a time frame. The
simplest expansion-modification system in the two-symbol system in whjch the expansion process

rewrites one symbol to two identical symbols, and the modification process switches one symbol to
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another symbol. The process of modification of 1 to 0 and of 0 to 1 occurs in probability p. The
process of exi)ansion of 1to 11 and of 0 to QO occurs in probability 1—p. After a limited period of
time passes, the statistical property of the binary sequence depends on the probability p. If the
probability of modification process is close to 1, then p =~ 1, ‘Expansion-modification systems’
generates random sequences (Li, 1991, 1992). This means that most of the processes are random
~ modifications in the calculation. In contrast, if the probability of the expansion process (1-p) is
close to 1, then p = 0, and the sequences generated displéy a 1/fspectrum, i.e. S(f) ~ f 1 _Thus,
long-range correlations are generated by ‘Expansion-modification systems’ (Li, 1991, 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-speciﬁc fractal
properties can be explained by a new model that consists of three processes: mutation, duplication,
and sequence ihsertion. 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 roie of host factoré in the regulation of transposable elements has been revealed by
recent studies of several systems in D. melanogasz_‘er (Lozovskaya et al., 1995). Genome
rearrangements, including sequence insertion or transposition, are important in genome evolution.
T’he extréme flat spectra observed in D. melanogasier and A. gambiae are not generated in the
‘Expansion-modification system.’ I have tried to generate flat spectra in middle frequencies by

extending this system. In the model proposed in the pres'ent thesis, three factors, mutation (which
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occurs at probability p), duplication (probability ¢), and sequence insertion (probability g), are -
taken into .cons‘ideration. Here, p + g +r=1. This model can bebconsidered an extension of that of
‘Expansion-modification systems.” To examine the flat region of the spectrum in the middle
frequencies, I designed a cbmputational model.

The power spectra (in log-log scales) of the sequences generated by the computational
experiment are shown in Figure 19. For the expansion-modification systems (probability p =0.1), a
spectrum with a slope is obtained (Figure 19a). In contrast, a sequence calculated with tentative
parameters (pv = 0.100 for mutation, g = 0.882 for duplication, and » = 0.018 for sequence insertion
(of 100 bp) shows flat spectra similar to those of insects (Figure 19b). The results when two
operations (mutation and sequence insertion) are shown in Figure 19c¢. In this case, a flat spectrum
was generated. Consequently, long-range correlations in genomes can be described by mutation and
duplicaﬁon, and sequence insertion, indicating that genome stfuﬁture is determined mainly by these |

processes in particular insect genomes.
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Figure 19. Power spectra for sequences generated by (a) mutation and duplication, (b)
mutation, duplication, and sequence insertion, and (c) mutation and sequence insertion. The
sequence length is longer than 2 = 131072. Probability parameters are p = 0.100 for
mutation, ¢ = 0.882 for duplication, and r = 0.018 for sequence insertion (length 100 bp). The
three manipulations yield a remarkably flat region in the spectrum.
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4. Conclusion
Fractal concepts have provided a new approach for analyzing and interpreting species-specific
periodicities in genomic sequences. In the present study, I found that such periodicities have
 biological and physiological significance. I also found that the gene organizétion has fractal
: propertieé. My results can be summarized as follows:

(1) Pcriodiqities of 10to 11 Bp were observed in most prokaryotes and ’eukaryotcs analyzed. The
11-bp periodicity was do:ﬁinant in eubacteria (Figure 3;1). The 10-bp periodicity was
dominant in hyperthermophilic bacteria, archaebacteria, and all eukarya tested (Figures 3b
and c). Because the 10-11 bp periodicities reflect the characteristic superhelical densities of
genomic DNAs, the differences in periddicities between hyperthermobhilic bacteria,
archaebacteria, and eubacteria can be explained as a functién of the archaeal histonés, which
are structurally similar to eukaryotic core histones.

(2) In C. elegans, a 68-bp periodicity on chromosome I, a 59-bp periodicity on chromosomé II, |
and a 94-bp periodicit); on chromosome III were detected (Figure 4). The secjuences with
68-bp periodicities (CE4) contained a 12 bp core element sequence, CeRep45
(TTGGTTGAGGCT), that was previously characterized by Sanford ez al. (2001) (Table 4).
Though it is unclear if the periodic sequences observed are related to centromeric function in
C. elegans, the strategy proposed in this thesis has the potential to detect hidden periodic

sequences.
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(B3)In4d thalfana, three periodicities (248, 167, and 126 bp) on chromosome 3, three
periodicities v(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 (126 and 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 gmino aoid sequences.

(4) In H. sapiens, 167 and 84 bp periodicities were detected along the entire léngth of
chromosomes 21 and 22 (Figure 10). The i67-bp periodicity is identical to the length of
DNA that forms two complete helical turns in nucleosome organization (Sinden, 1994).
Theoe' periodicities were associated with NGG-repeat forming self-assembly DNA (Table 7).

(5) The fractal property of genomes represented by the long-range correlation in eukaryotic
genomes is associated with gene organization. The human genome has heterogeneous
properties m power spectra characterized by two distinct slopes (Figure 12)}.

(6) In the D. melanogaster genome, the G and C spectral curves contain a flat region in the

middle frequency range from /= 2.0 x 10~ to 107 (corresponding to a period of 1 kb—5 kb),

~ which is ossocioted with random base sequence composition (Figure 16). For 4. gambiae, the
G and C spectral curves have two flat regions at ranges corresponding to base periodicities of
0.1 kb to 0.5 kb and of 1.6 kb to 10.0 kb (Figure 17).
(7) On the basis vof the observation that long-range correlations are present in DNA sequences, I

developed a model to explain the evolutionary origin of genome. I used this model to explain
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that the presence of spectra with flat regionsb in the middle frequency in insect genomes is due
to mutation, duplication, and sequence insertion (Figure 19b).
Herein, I present a wide variety of periqdicities for genomes of prokaryotes and eukaryotes. The
periodicities were associated with biolbgical and physiological properties such as nucleosomc;s,
centromeres, and self-assémbly of DNA. Long-range correlation was detected in all genomes
analyzed. I havé described the relation between the fractal property and geﬁe organizaﬁon and also
proposed a model with a new interpretétion of the 1ong-range correlation in DNA sequence based
on power spectrum analysis of genomes of higher éukaryote. This model is helpful for
- understanding genome evolution. Power spectrum is a useful tool for detecting hidden periodicities
in a genome. The parameter Fy proposed in this thesis is applicable for detecting core elements
based on periodicity. With progress of the genome projects, this analysis will play a vital role for

understanding genome architecture.
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Appendix

Spectral exponents for genomes

(a) prokaryotes

species exponent B*
Escherichia coli -0.73
Bacillus subtilis -0.68
Neisseria meningitidis —0.88
Helicobacter pylori _ -0.73
Rickettsia prowazekii -0.97
Chlamydophila pneumoniae -0.44
Mycobacterium tuberculosis -0.65
Borrelia burgdorferi ’ -0.95
" Synechocystis sp. , -0.68
Deinococcus radiodurans -0.77 (chr. 1)

’ -0.81 (chr. 2)

Aquifex aeolicus ~1.11
Thermotoga maritima -0.91
Thermoplasma acidophilum -0.91
Archaeoglobus fulgidus : -0.82
Methanococcus jannaschii -1.05
Methanobacterium thermoautotrophicum -0.89
Pyrococcus horikoshii : -0.94
Aeropyrum pernix -0.72
Halobacterium sp. ; -1.01

# The exponent B of spectrum is fitted in franged from 2.4 x 10~ to 107,
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(a) C. elegans

exponent B*

o
o
0
(0]

species chr.

-1.38
-1.41
-1.23
-1.25
-0.96
-0.97
-0.73
-0.73
-1.63
-1.60
-1.37
-1.38
-1.34
-1.38
-1.24
-1.23
-1.25
-1.24
-0.95
-0.96
-1.17
-1.14
-0.86
-0.84

C. elegans I

II

IIT

Iv

noHEPFPAQ@HEPOAQRAPAQHEPOQE P Q@A D

# The expdnent B of spectrum is fitted in franged from 1.5 x 107 t0 107",
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(b) A. thaliana

exponent p*

o'
o
0
0]

species chr.

-0.58
- -0.57
-0.55
-0.55
-0.46
~0.47
~0.50
-0.52
-0.43
.43
-0.49
-0.48
-0.46
-0.47
-0.49
-0.50
-0.50
-0.50
-0.52
-0.51

A. thaliana 1

AR PAOAPANQGAPPQQAE P QQAP
|
o

# The exponent P of spectrum is fitted in franged from 1.5 x 107 to 1072
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(¢) D. melanogaster

species chr.

o
]
0
o

exponent B*

D. melanogaster 2L

2R

3L

3R

X*

X**

NoaHAPOAQARAYOAQEPQAQAARAPOQAP QQ@AY

.61
.60
.56
.56
.58
.58
.55
.54
.59
.58
.54
.54
.52
.52
.51
.51
.61
.62
.60
.62
.58
.57
.57
.56

#

*

dk

The exponent B of spectrum is fitted in franged from 7.6 x 10°t0 1072

ACCESSION number AE002593

ACCESSION number AE002566
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(d) A. gambiae

o
o
©n
()

species ' chr. exponent B*

-0.36
-0.36
~0.36
-0.35
-0.36
-0.36
-0.35
-0.34
.40
-0.41
-0.41
-0.41
-0.41
-0.40
-0.41
-0.41

A. gambiae X

2%

. 2**

3*5‘%*

AaHEaPAQ@EYPOQRAPQAQAY
|
o

The exponents B of spectrum is fitted in franged from 1.5 x 107 to 1072
ACCESSION number AAAB01008987
** ACCESSION number AAAB01008960
raE ACCESSION number AAAB01008984

* ¥
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(e) H. sapiens

H. sapiens

species chr. exponent of exponentB”
1 -0.65 -0.45
2 ~—0.80 » -0.35
3 -0.73 -0.35
4 -0.73 -0.33
5 -0.73 -0.33
6 -0.75 -0.33
7 -0.77 -0.33
8 -0.77 -0.33
9 -0.77 -0.33
10 -0.77 -0.46
11 -0.77 -0.43
12 -0.77 -0.40
13 -0.77 -0.40
14 —-0.75 -0.35
15 -0.75 -0.45
16 -0.65 -0.65
17 -1.00 -0.62
18 -0.62 -0.35
19 -0.62 -0.62
20 -0.62 -0.40
21 -0.65 -0.45
22 -0.67 -0.67
X -0.67 ~0.45
Y -0.77 : -0.30

I *;& H#*

The exponent o of spectrum is fitted in franged smaller than 107,

The exponent 3 of spectrum is fitted in franged from 107 t0 107*.

all data shows two exponents for adenine.

correlation coefficient 0.18 for exponent o, while —0.84 for exponent .
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