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ABSTRACT

Accurate and comprehensive measurement of the extent and pattern of
nucleotide diversity is necessary to refine theories on the dyna.nics of evolution.
It is possible to determine the sequence of any genomic region for numerous
individuals using the polymerase chain reaction (PCR) and associated
techniques of DNA sequence analysis. The two regions of the human genome
examined in this study were the third exon of the highly conserved (two major
alleles) alcohol dehydrogenase, Adh2 locus and the second exon of the highly
polymorphic (26 alleles) human leukocyte antigen, HLA-DQB81 gene. Sequence
information was determined from 25 individuals from Southwestern Ontario and
26 Dogrib individuals from the Northwest Territories of Canada. The
Southwestern Ontario population is heterogeneous in ancestry and
predominantly European while the Dogrib population is homogeneous and of
Asian ancestry. Intra-ailelic nucleotide diversity was characterized at two regions
of the genome in two different human populations using PCR with diract
sequencing and chaos representation of sequence organization.

No intra-allelic variation was observed in the 39,000 nucleotides examined
for both exons. There was no evidence for higher substitution rates for highly
polymorphic loci. The maintenance of a large number of alleles at the HLA-DQB81
locus in populations is attributed to selective forces, in particular heterozyygote
advantage, while admixture and stoct:astic forces such as founder effects, and
bottlenecks could account for observed population-specific allele frequencies at
the two loci. Nucleotide diversity was nonrandom and influenced by nearest-
neighbor nucleotide associations. Dinucleotide representation also accounted for

the major features of the global organization in DNA sequences. Analysis of 56

ii.



large sequences from 10 species, 28 mitchondrial DNAs and 31 viral genomes
identified, for the first time, that the global structure of DNA is under selective
constraints that are genome-type specific and related to an as yet unknown
force(s) or factor(s).

Selection plays a predominant role in determining the gene-specific
variability and genome-type specific sequentiality of DNA. Thus, the evolution of
the DNA sequence of a gene or genome should be viewed in the dual context of
the constraints on its specific function and the genome-type specific global

organization.
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Chapter 1

INTRODUCTION

1.1 The Measurement of Genetic Variation

Measurement of genetic variation is essential to obtain insight into many
issues of population genetics and evolutionary change. In the past, genetic
variation was measured by examining inherited phenotypic differences,
specifically examined were alterations in morphology (Ford, 1940), cytology
(Dobzhansky, 1941), electrophoretic isozymes (Lewontin and Hubby, 1966),
immunological components (Sarich and Wilson, 1966) and amino acid sequences
(Thatcher, 1980). Many populations, including humans, contain considerable
genetic variability (Harris, 1966; Lewontin, 1974). The average heterczygosity for
Homo sé&piens estimated from analysis of electrophoretic isozymes ranges from
7.4 to 14% (based upon 87 and 121 !oci; Harris et al., 1977 and Nei and Graur,
1984, respectively). Sequence variation in noncoding regions, such as introns
and synonymous codon positions cannot be measured by examining phenotypes,
is presumably not subject to natural selection acting through the phenotype of the
encoded protein, and is essential for estimating the frequency of variation due to
neutral nucleotide substitutions. The problem remains that the total extent of
genetic variation cannot be extrapoiated from analysis of phenotypic differences.

Ideally, estimates of genetic variation should be based on a direct
examination of nucleotide sequences where its extent, including neutral
substitutions, can be examined. Generally, measurements of nucleotide

sequence variation have been incomplete and are based primarily upon the



presence and absence of recognition sites for restriction endonucleases (Ferris et
al., 1981). Such analyses merely identify the alteration of a nucleotide site or
sites and do not elucidate the nature of the nucleotide differences. Determination
of the degree of nucleotide sequence diversity and the type and pattern of
sequence differences are also important for understanding the role of mutation,
natural selection and genetic drift in the origin and maintenance of genetic
variation.

No extensive study of diversity in the human nuclear genome has been
conducted in any population except for a survey by Li and Sadler (1991) of
published (Bilofsky and Burks, 1988) cDNA and genomic sequences for 49
human loci. Nucleotide differences are not distributed randomly among the
genes nor along the length of the nucleotide sequences examined. The
maximum nucleotide diversity is 0.11% and is one order of magnitude lower than
that observed in Drosophila populations (2.2%, Aquadro, 1991; Li and Sadler,
1991). This level of nucleotide diversity translates into an average expected
heterozygosity of 20.4% at the protein level and 7.4% at the electrophoretic level
(Li and Sadler, 1991). This measure of nucleotide sequence diversity is affected
by errors in the information contained in DNA sequence databanks. The
measure is also affected by the biased nature of the information contained in
sequence databanks, which is limited to analysis of North American Caucasian
populations and genes of medical importance (Li and Sadler, 1991). There is a
need for accurate determination of nucleotide sequence information and direct
examination of nucleotide sequences in different regions of the human nuclear
genome and in different populations.

Enzymatic amplification of genomic DNA in vitro by the polymerase chain
reaction (PCR) has simplified the analysis of genetic diversity when used in

combination with several techniques for the detection of sequence differences.



One methcd involves detection of the RNase cleavage of a labeled RNA probe
at mismatched positions with a target DNA (or RNA) sequence (Meyers et al.,
1985; Winter et al., 1985). A chemical cleavage method (Cotton et al., 1988;
Smooker and Cutton, 1993) cuts mismatched sites in a DNA probe following the
heteroduplex formation of the probe and the target DNA (or RNA). The probe is
first modified with osmium tetroxide for T and C mismatches or with
hydroxylamine for C mismatches and then incubated with piperideine to cleave
the probe DNA at the modified bases. Denaturing gradient gel electrophoresis
subjects double-stranded DNA to an increzsing gradient of denaturant and
permits identification of heteroduplexes between mutant and wild-type DNA
fragments (Abrams et al., 1990; Keen et al.,, 1991; White et al., 1992; Carie'lo
and Skopek, 1993). The mismatching between the mutant and wild-type DNA
strands results in aberrant migration due to an altered melting temperature.
Hybridization of immobilized genomic DNA or PCR products with chemically
synthesized oligonucleotide probes permits identification of a sir jle nucleotide
change (Conner et al., 1983). The allele-specific oligonucleotides hybridize
poorly to a target molecule having a single internal mismatch. Analysis of single-
strand conformation polymorphism (SSCP) is based on the principle that single-
stranded DNA molecules take on specific sequence-based secondary structures
(conformers) under nondenaturing conditions. Molecules differing by as little as a
single base substitution may form different conformers and migrate differently in a
nondenaturing polyacrylamide gel. (Orita et al., 1989a, b; Mashiyama et al.,
1990; Carrington at al., 1992; Sekiya,1993). These methods permit detection of
sequence differences but still represent a partial analysis of nucleotide sequence
variation as they do not permit a complete description of both the number and

type of sequence alterations.



The polymerase chain reaction (PCR) and direct nucleic acid sequencing
permit the rapid analysis of DNA sequence differences and overcome the
limitations of other techniques for the detection of nucleotide polymorphism
(Gyllensten and Erlich, 1988; Hunkapiller, 1991). The difficulty associated with
direct sequencing of PCR-amplified products is the poor resolution achieved with
double-stranded DNA templates. Heterozygous templates give ambiguous
information and purification of single-stranded templates is time and labor
intensive. The cloning of PCR-generated DNA fragments permits the sequencing
of single-stranded templates and the isolation of the different alleles in
heterozygous individuals (Scharf et al., 1986; Ichinose et al., 1991). This
approach permits the unambiguous identification of the nucleotide sequence but
is time consuming and error prone. Errors made by the Taq polymerase
(Keohavong et al., 1993) during the PCR are isolated and amplified in the cloning
of the PCR product and necessitate the sequence determination of at least two
independent clones. Asymmetric PCR amplifies preferentially one of the
compiementary DNA strands and direct sequencing of this single-stranded
template avoids identification of errors generated by the Taq polymerase by
sequencing the pool of PCR-amplified fragments (Innis et al., 1988; Liu et al.,
1993). Sequencing of double-siranded PCR templates has been plagued by the
rapid reassociation of the complementary DNA strands of the template and
inhibition of annealing by the sequencing primer. Typically, use of sequencing
primers nested in relation to the PCR primers have been used to improve the
sequencing of double stranded templates (Yandell and Dryja, 1989; Engelke et
al., 1988; Wong et al, 1987; Wrischnik et al., 1987).

Cycle sequencing overcomes the difficulties associated with the direct
sequencing of double-stranded templates without the use of nested primers by

repeating the melting, annealing and extension phases of the sequencing



reaction as many as 20 to 30 times (Adams and Blakesley, 1993). The
thermophilic Taq polymerase used in cycle sequencing also permits the use of
higher annealing and extension temperatures that assist annealing of the
sequencing primer by inhibiting the rapid reannealing of short double-stranded
sequencing templates (Murray, 1989; Sarkar et al,, 1993). Direct sequencing of
the double-stranded PCR product often requires extensive purification of the
sequence template (Kretz et al., 1989; AgtLilar-Cordova and Lieberman, 1991;
Anderson et al., 1993; Dowton and Austin, 1993; Harvey et al., 1993; Moncany
and Keller, 1993) and does not permit the identification of the allele to which a
novel mutation is linked in heterozygous individuals. Direct sequencing of
heterozygous templates does not permit identificaiion of the phase of two or more
novel mutations, that is whether muitiple mutations are associated with the same
or different alleles. Despite their limitations, the PCR-based methods for the
detection of differences in nucleotide sequences enable direct examination of
different regions of the human nuclear genome. Direct sequencing permits
measurement of the total genetic variation and provides a description of the

pattern and nature of sequence differences.

12 Sampling Considerations in the Study of Genetic Variation

Among Humans

Differences among sequences are not randomly distributed along the
sequence length (Charlesworth, 1994; Fickett et al., 1992; Hess, et al. 1994;
Sharp and Lloyd, 1993). Sequence composition is affected by such genome-
specific features as high mutation rates associated with methylated cytosine
residues in vertebrates (Beutler et al., 1989; Bird, 1980; Ehrlich and Wang, 1981;

Tasheva and Roufa, 1993) nonrandom dinucleotide to tetranucleotide



composition (Nussinov, 1980, 1981a, b, 1984; Phillips et al., 1987; Volinia et al.,
1989) and biases in synonymous codon usage (Grantham et al., 1980, 1981;
l.iemura, 1985; Wain-Hobson et al., 1981). The extent of nucleotide variation at
different positions of codons and among different functional domains is related to
functional constraints of the gene product and is thus gene-specific. Therefore,
the extent and location of sequence differences is determined by unequal
probabilities of the occurrence of base alterations at specific sites and genome-
and gene-specific constraints upon the maintenance of such alterations. Total
measurament of genetic variation at different regions of the human genome is
essential to refine theories that pertain to the accumulation of mutations and the
maintenance of genetic variation.

Stratified random sampling has been proposed for surveying the human
genome for novel nucleotide sequence variation (Cavalli-Sforza, 1990). In this
process the genome is divided into layers that have a different degree of interest
and demand different efforts for study (exons, introns, promoters, enhancers,
repeated sequences, etc.) and sampling is randomized within each layer.
Individuals withir each gr~up (subpopulations, populations, species, etc.) are
selected at random since stratification of the subject groups to be screened for
variability is based upon genetic relatedness. The number and the genetic
relatedness of the individuals to be screened and the length and the degree of
conservation of the DNA segments to be sequenced determines the type of
information obtained about nucleotide sequence variation. This strategy has not
yet been applied in a systematic analysis of nucleotide sequence variation in

different regions of the human nucle ar genome for different populations.



13 Two Distinct Human Populations

Different human populations are char.cterized by differences in
geographic location, population structure and/or evolutionary history. In the
present study genetic variation was examined in a random collection of
individuals from two distinct populations. Southwestern Ontario, has a large
human population of heterogeneous ancestry, mostly European. In contrast, the
Athabaskan Dogrib pcpulation from the Northwest Territories represents a
smaller and more homogenous coflection of individuals whose ancestry is mainly
Oriental with a limited European admixture (0.082, Szathmary and Ossenberg,
1978; Szathmary, 1978, 1993). The size of the founder populations and the
number and time of founding events, migration rates and population size are
some of the parameters that are unique among these two human populations.
The differences in the structure and evoiutionary nistory of the populations are
useful in examining the forces responsible for the absence or maintenance of

genetic vanation.

1.4 Two Distinct Regions of the Human Nuclear Genome

The alcohol dehydrogenase (Adh) multigene family in humans is a
member of the evolutionary group of ADH enzymes that have a !ong chain (375
amino acids), require zinc as a cofactor (Jornvall et al., 1984; Jornvall, 1985) and
are highly conserved among phylogenetically diverse species (Sun and Plapp,
1992; Yokoyama and Harry, 1993; Yokoyama et al.,, 1990). Study of the
enzyme's function have included examination of the protein's three-dimensional
structure in two species, horse and human (Eklund et at., 1976; Hurley et al.,

1991, respectively). Mammalian ADHs in comparison with ADHs of maize and



yeast species have an amino acid sequence similarity of 50% and 20%,
respectively (Eklund et al., 1976; Jornvall et al., 1987). ADH is representative of
the collection of general "house-keeping enzymes" important in detoxification,
and specifically in the case of ADH, the metabolism of alcohol.

The Adh muitigene family in humans, as in other species, is highly
conserved implying that most amino acid changes in ADH would be selectively
deleterious (Kreitman, 1983; Jornvall, 1985; Sun and Plapp, 1992; Yokoyama
and Harry, 1993). The zinc-containing ADHs are dimeric enzymes, and in
humans, the three classes (I, Il and Ill) are distinguished by their ability to form
intergenic heterodimers, randomly. Class | subunits a, 8 and y are encoded by
three distinct loci Adh1, Adh2 and Adh3, respectively and these three genes are
highly homologous (93 to 96% identity in amino acid sequence comparisons,
Ikuta et al., 1985, 1986; von Bahr-Lindstrom et al., 1986). No variability has been
identified at the Adh7 locus but three and two alleles exist at the Adh2 and Adh3
loci, respectively.

Two alleles (the "typical” 87 and "atypical” 82 allele) at the Adh2 locus
predominate in human populations (Bosron and Li, 1986; Duester et al., 1986).
The alleles differ in a single base change in the third exon (Jornvall et al., 1984;
Ikuta et al., 1985; Heden et al., 1986) and the specific activity of the 8282
enzyme is approximately 100 times higher than that of 8781 at physiological pH
(Bosron et al., 1985; Yoshida et al., 1981; Hurley et al.,, 1991). Most Japanese
individuals have the "atypical” 82 subunit while the "typical” 87 subunit is
predominant in English populations. The frequency of the "atypical” Adh2 B2 is
>70% in the Japanese and <10% in the English (Stamatoyannopoulos et al.,
1975). The third exon of Adh2, which harbors the 87 and 82 alleles, has been
PCR-amplified and distinguished using allele-specific oligonucleotide probes

directed at the single base-pair differences (Gennari, et al., 1988; Xu et al.,



1988). The well recognized and population-specific frequencies of the 87 and 82
alleles of the Adh2 locus have been tha focus of attention in studies of human
population genetics, alcohol sensitivity and alcoholism for several decades
(Stamatoyannopoulos et al.,, 1975; Thomasson et al.,, 1991; Agarwal and
Goedde, 1987). This region of the human genome, with its established
population-specific molecuiar markers, has the potential to provide insight into the
pattern of divergence, including allele-specific mutational events. As well, intra-
allelic variation, additional DNA sequence variation within altelic types detected

previously by protein electrophoresis or immunogenetics, could be examined.

Human leukocyte antigen (HLA) loci represent a different region of the
human genome from that characterized by the Adh multigene family both in terms
of evolutionary history and genetic variation. HLA molecules are highly
polymorphic glycoproteins that are normally expressed on the surface of B cells
and antigen-presenting cells of the immune system (Parham and Strominger,
1982; Trowsdale and Powis, 1992). Class |l HHLA molecules are heterodimers
composed of noncovalently associated subunits that are encoded by separate
genes (o and B8 genes, Kiein et al., 1990; Parham and Strominger, 1982). There
are five class Il HLA regions (DP, DN, DO, DQ and DR) generaily containing one
or more a genes and one or more 8 genes. The polymorphism of HLA loci is
unique in its extent and in the genetic distance between individual alleles
(Hughes and MNei, 1990; Dupont, 1990). There are at least 26 alleles at the HLA-
DQ#B1 locus (Bodmer et al., 1994). The highly polymorphic second exon of HLA-
DQB1 contains the antigen-binding site codons and has been PCR-amplified
from genomic DNAs and restriction endonuciease digested (Trucco et al., 1989)
or sequenced (Santamaria et al., 1992) for the rapid identification of HLA-DQB1

alleles.



The polymorphism of the HLA gene complex is characterized by two key
features: the existence of a large number of alleles in a single population that
occur at appreciable frequencies and a high degree of genetic diversity between
the alleles (Klein, 1986, 1987; Gyllensten et al., 1990; Hughes and Nei, 1990).
The evolutionary rate at such loci is not higher than that of most other loci
(Hayashida and Miyata, 1983; Kiein, 1986). The maintenance of diversity is
explained by mechanisms such as gene conversion (Weiss et al., 1983) that lead
to exchanges of DNA from one gene to another. There is an alternative
explanation for the diversity at HLA loci. The alleles existed prior to the inception
of the species and are transmitted in a trans-species process in which a group of
major alleles is passed on in the phylogeny from one species to another, with
subsequent accumulation of further mutations (Figueroa et al., 1988; Gaur et al.,
1992). Under this hypothesis it is expected that certain alleles from one species
are more closely related to certzin alleles from other species than they are to
each other. There is much evidence for such a hypothesis stemming from
analysis of alleles at HLA loci in other primates (Lawlor et al., 1988; Erlich and
Gyllensten, 1989; Fan et al.,, 1989). No between-species diversity has been
found to be greater than within-species diversity in examination of second exons
of seven DQB1 alleles from five to 13 nonhuman primate species (Otting et al.,
1992). There is a preponderance of nonsynonymous nucleotide substitutions at
antigen-binding site codons among alleles of different primate species. This
pattern of mutation is in contrast to the pseudogene DQB82. The long persistence
of allelic lineages, the prevalence of nonsynonymous over Synonymous
substitutions in the peptide-binding region and the greater variation at this locus
than at a related pseudogene are indicative of balancing selection relating to

antigen presentation (Satta et al., 1994). The diversity at HLA loci is useful in



clarification of human evolution and the historical relationships between different
human populations (Klein et al., 1990; Riley and Olerup, 1992).

The major genetic difference between the Adh and HLA gene families is
in the degree of polymorphism. It appears that the evolution and molecular
properties of the human Adh and HLA genes are similar in that they both
represent multigene families and at least some of the loci in each case are
shared in different species. Also, established alleles of the two families are
shared across most human populations with the frequency of the alleles being
population-specific. However, Adh2 has two major alleles and HLA-DQ#B1 has 26
known alleles in human populations. What determines such differences among
loci represents a fundamental question in evolutionary genetics and forms a
general objective of this research. Different selection regimes have been used to
explain the nature and extent of polymorphism in the two gene families.
Experimentation is necessary to test directly this hypothesis but is beyond
present capabilities. Thus any argument towards this end must be made by
indirect and associztive observations. it is also possible that the differences in
polymorphism at these two loci are due to differences in mutation rates (Wu and
Maeda, 1987). Given that the substitution rate involving the four bases is known
to be different and that this difference may depend on sequence-specific
molecular pronerties (Beutler et al., 1989; Blake et al., 1992) differences in
primary sequence organization and associated mutational biases may account
for the differences in polymorphism and may be reflected in the pattern of
substitutional differences among the allele sequences. Analysis of sequence
specific-mutational biases require characterization of the primary DNA sequence

organization of genes and entire genomes.
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1.5 Primary DNA Sequence Organization

Primary DNA sequence organization is defined by the frequency and
arrangement of the four nucleotides, adenine, cytosine, guanine and thymine.
The organization of nucleotides contains significant information but investigation
of this phenomenon has been limited to examination of short stretches of a few
tens to hundreds of nucleotides at a time and to the examination of transcription
processes, regulatory signals, repetitive patterns (Lefevre and lkeda, 1994),
nucleotide frequencies (Nussinov, 1981a, b) and the distinctions between introns
and exons (Mani, 1992a, b; Solovyev, 1993; Solovyev et al., 1992). At a macro
level, where a gene sequence is considered in its totality including all exons and
introns and even adjacent intergenic regions and neighboring genes, global
characteristics of sequence organization are considered, i.e, the overall patterns
to the arrangement of nucleotides. Primary organization of DNA has a global
structure that is characterized by unequal frequencies of the four nucleotides
and/or a nonrandom arrangement of nucleotides (Jeffrey, 1990; Rogerson, 1991;
Oliver et al., 1993; Voss, 1993a, b; Solovyev, 1993).

Global structure describes a higher-order organization that is independent
of the length and the functional properties of the DNA (Mani, 1992a, b) and is
similar on both strands of the DNA double helix (Rogerson, 1989, 1991). Global
DNA sequence organization has been examined using a variety of approaches
(Nandy, 1994), such as the examination of short-sequence composition (Burge et
al., 1992; Karlin and Brendel, 1993; Karlin et al., 1993; Rogerson, 1991), chaos
patterns (Jeffrey, 1990; Oliver et al., 1993), fractal landscapes (Buldyrev et al
1993; Voss, 1993a, b) and long range correlations (Peng et al.,, 1992). DNA
sequences appear to have a higher-order structure that is self-similar at

numerous different length scales indicating the existence of a fractal-like nature
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(Voss, 1993a, b; Nussinov, 1993; Solovyev 1993) or long-range order (Peng et
al., 1992; Karlin and Brendel, 1993).

Different patterns of global DNA sequence organization have been
identified in different species (Nussinov, 1984; Jeffrey, 1990; Rogerson 1991;
Burge et al., 1992; Voss, 1993a b; Karlin and Brendel, 1993). The existence of
global structure in DNA sequences and different structures in species
representing different evolutionary categories remains questionable (Tsonis et al.,
1993). The determinants and origin of global structure, its correlations with and
implications in gene seguences and its evolution remain to be resolved. A step
toward their elucidation in this study uses chaos game representation,
determination of short-sequence representation and the analysis of a large

database of DNA sequence information from numerous different species.

1.6 Chaos Game Representation

Deciphering the significance of nucleotide composition and order must
begin with the recognition of still uncharacterized patterns in large DNA
sequences and requires a general analytical approach. One such approach is
the chaos game representation of DNA sequences (Jeffrey, 1990, 1992;
Solovyev et al. 1992; Dutta and Das, 1992; Burma et al., 1992; Solovyev, 1993;
Oliver et al., 1993). Chaos, the randomness generated by simple dynamic
systems, can be used to reveal order within complex systems (Tsonis and
Tsonis, 1989). Chaos game theory produces pictures that represent complex
systems in their entirety. Chaos was first recognized in biological systems with
the use of a logistic difference equation to model population dynamics (May,
1976) and seemed an appropriate means to portray the organization within the

complexity of large DNA sequences.

13



Chaos game theory was applied to the description of the order within the
complexity of nucleotide sequences by using the nucleotides of a DNA sequence
rather than a series of random numbers to control the chaos game aigorithm
(Jeffrey, 1990, 1992). The result is a two-dimensional scatter plot depicting base
composition and sequentiality. The chaos game is plotted on x and y axes,
producing a square whose four vertices correspond to the four nucleotides
adenine (A), cytosine (C), guanine (G) and thymine (T) of a DNA sequence. The
result is a transformation of a linear sequence of nucleotides into a visual
portrayal of all aspects of nucleotide composition and order in a two-dimensional
scatter plot. This approach is a unique and holistic perspective to the
examination of the macro structure of a nucleotide sequence.

A large sequence composed of equal frequencies of the four nucleotides
and a random order of those nucleotides generates a uniform distribution of data
points in the two-dimensional chaos plot (Jeffrey, 1990). DNA sequences are
not composed of equivalent frequencies of the four nucleotides and the order of
nucleotides is not random (Jeffrey, 1990). The nonrandom composition of DNA
sequences is displayed graphically by nonuniform distributions of data points in
two-dimensional chaos plots (Jeffrey, 1990, 1992; Dutta and Das, 1992; Burma et
al., 1992; Oliver et al., 1993; Goldman, 1993). The unique perspective of a visual
assessment of chaos patterns is the simultaneous assessment of bias in
subsequence composition for single nucleotides and successively longer
oligonucleotides (i.e., to tetranucleotides and perhaps longer subsequences
depending on the degree of bias in composition; Goldman, 1993). The visual
assessment of total sequence structure permits rapid identification of specific
features that can then be characterized quantitatively and compared among

different sequences. The examination of sequence organization using chaos
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representation and an appropriate DNA sequence database could offer insight
into the determinants and evolutior: of higher-order DNA sequence organization.

Chaos representation of DNA sequences is particularly suited to the rapid
analysis of the primary sequence organization of large DNA sequences. The
presence and absence of subsequences of all lengths are displayed
simultaneously in a single visual image and represented by a data point within
the chaos plot. Pattern recognition using chaos plots is not driven and thus
restricted by description of known sequence structures. As a result, pattern
recognition requires no preconceived notion of subsequence structure and
unknown patterns in sequence organization can be revealed (Burma et al. 1992,
Oliver et al., 1993).

Examination of chaos patterns has revealed several important
observations pertaining to DNA sequence organization. .leffrey (1990) showed
that large DNA sequences from different species have different chaos patterns
and hence have different global structures. Chaos plots of nucleotide sequences
have not been described quantitatively and their biological significance (and
hence the usefulness of the technigue) remains to be demonstrated. Chaos
game representation has r 't yet been applied to shorter gene sequences or
strictly to the voding regions that may be under different selection regimes. Also,
chaos patterns have not been generated for similar genes in the same species or
for the same or similar genes occurring in phylogenetically divergent species.
Demonstration of the utility of the chaos game representation requires an
accumulation of results reported from different types of sequences followed by

the construction of a data base of chaos patterns.
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1.7  Objectives

Nucleotide diversity in the human nuciear genome is poorly characterized
for different populations and for regions known to be under different selection
regimes. There is also little information regarding the determinants, origin and
evolution of nucleotide sequence organization at a macro level. The global
structure of the nucleotide sequence has not been incorporated intc previous
direct analyses of genetic variation. The present study addresses these
concerns in the form of three general objectives.

The first objective was to characterize DNA sequence variation at two
regions of the human nuclear genome that were known to differ in the nature and
extent of polymorphism. Specifically, PCR amplification of genomic DNA and
direct dideoxynucleotide sequencing were used to measure the total extent of
nucleotide diversity at the polymorphic third exon of the Adh2 locus and the
highly polymorphic second exon of the HLA-DQB81 gene. The sequence variation
was examined in a random sample of individuals from two geographically distinct
populations known to differ in population structure and evolutionary history,
specifically individuals from Southwestern Ontario and Athabaskan Dogrib
individuals form the Northwest Territories of Canada.

The second objective was to characterize the features of the organization
of nucleotide sequences by identifying and defining the global organization of
nucleotide sequences. A macro level to the organization of nucleotide
sequences was examined using measurement of short-sequence structure and
the nove! graphical approach of chaos game representation. Specific objectives
involved the characterization of the global organization of r otide sequences
through examination of computer-generated and naturally-occurring DNA

sequences. The chaos patterns and short-sequence representation of the
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polymorphic second exon of Adh2 and the highly polymorphic third exon of HLA-
DQB81 were compared. As well, the global structures of the exons were
compared with that of the cDNAs of these human genes. The sequence
organization of the Adh multigene family in the human genome was examined in
greater detaii and compared with the well-studied structure of individual human
globin cDNAs and the entire human globin gene complex. The global structure of
human Adh cDNAs was compared with those of numerous phylogenetically
diverse species. Global structure was identified and defined following
examination of sequence organization with different sequence lengths, at
different sites within a genome and among functionally diverse regions of a
genome. Sequence organization was examined in exons, introns, complete
cDNA sequences, gene clusters, ditferent regions of the same chromosome and
regions of different chromosomes of the same genome.

The final objective of the present study was to define more clearly the
genome-type specificity of the global organization of nucleotide sequencce and to
identify the biological determinants of the global structure of DNA.
Characterization of the global structure of nucleotide sequences of several
genomes was carried out by examination of numerous regions of the same
genome and large continuous DNA sequences of phylogenetically diverse
species. In total, 56 large continuous DNA sequences (>36,000 nucleotides)
from 10 different species were examined. Global structure in nuclear genomes
was also characterized by comparing sequence organization in mitochondriai
genomes of the same species and in viral genomes capable of integration into a
host nuclear genome.

This investigation is unique in that it encompasses a direct examination of
nucleotide sequence diversity and a holistic analysis of sequence structure at a

macro level using a large database of diverse sequence information. The
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present analysis used a large database of nucleotide sequence information,
which permitted a systematic evaluation of the advantages, limitations and
usefulness of a novel graphical representation of nucleotide sequence
organization. The findings permitted discussion pertaining to explanations for the
differences in nucleotide diversity related to the region of the human nuclear
genome and the history and structure of the human populations. The
significance of a macro level of nucleotide sequence organization that is genome-

type specific was also contemplated.
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Chapter 2

MATERIALS AND METHODS

2.1 DIRECT MEASUREMENT OF NUCLEOTIDE SEQUENCE VARIATION

2.1.1 MATERIALS

2.1.1.1 Subjects

This study included 32 individuals recruited from Southwestern Ontario by
Dr. S.M. Singh, University of Western Ontario, London Ontario, Canada
(numbered 1 to 32) and 38 Athabaskan Dogrib individuals from Lac LaMatre, Rae
Lakes and Rae of the Northwest Territories, Canada and recruited by Dr E.
Szathmary, McMaster University, Hamilton Ontario (numbered 33 to 70). Of the
individuals from Southwestern Ontario, number 29 was of Oriental ancestry,
individual 28 was of Native North American ancestry and the remaining subjects
were of European ancestry. Individuals 14 through 19 comprised three
generations of a single family where 14 was the paternal grandmother, 15 was
the mother, 16 was the father and 17 to 19 were daughters. individuals 20 and
21 were father and daughter and 22 and 23 were brother and sister. Individuals
26 and 27 were father and daughter, respectively. There were 23 unrelated
subjects of European ancestry in the sample of individuals from Southwestern
Ontario. All Dogrib individuals were unrelated and recruited randomly. it was
assumed that the 38 Dogrib individuals constituted members of a single

population. This assumption was based upon measures of genetic variation at
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other loci and information regarding the population dynamics of the tnree
settlements from which the individuals were recruited (Szathmary, 1993;
Szathmary et al., 1983). Approval for this research was granted by the University

of Western Ontario Review Board for Research Involving Human Subjects.

2.1.1.2 Chemicals

Unless otherwise noted, molecular biology chemicals were obtained from
Amersham Corporation (Arlington Heights, lllinois), BDH Chemicals Canada Ltd.
(Toronto, Ontario), Boehringer Mannheim (Laval, Quebec), Fisher Scientific
Company. (Philpsburg, New Jersey), Life Technologies (Gaithersburg, Maryland),
Perkin Eimer (Branchburg, New Jersey), Qiagen (Chatsworth, California) or

Sigma Chemical Co. (St. Louis, Missouri).

2.1.1.3 Whole Blood Samples and DNA

Fresh, whole bicoa samples (15 ml) in 0.10 ml of 15% solution EDTA(K3)
containing 0.01A mg potassium sorbate (antimycotic agent) were obtained by Dr.
C.F.P. George from the subjects of Southwestern Ontario. Samples were stored
immediately at -20°C and used for the isolation of genomic DNA. Genomic DNA
from Dogrib individuals was obtained by Dr. R. Ferrell (Pittsburgh) and was
stored at 4°C in TE (10 mM Tris-Cl, 1 mM EDTA, pH 8.0). Primers synthesized
for use in the polymerase chain reaction (PCR) and DNA sequenc.ng are given in
Table 1. The primers were manufactured and size-selected using gel
electrophoresis by Dr. G. Hammond, London Regional Cancer Center, London,

Ontario.



Table 1. Oligonucleotides used as primers fcr PCR amplification and direct
sequencing. The oligonucieotide primers and their sequences, listed 5' to 3,
used to amplify the third exon of the alcohol dehydrogenase locus Adh2 (i1 and
P2) and the second exon of the human leukocyte antigen locus HLA-DQB1 (P3,
P4). Those nucleotides in lower case represent an oligonucleotide sequence
used to introduce an Eco RI site into the PCR product. The restriction site was

not used in this analysis.
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Primer (Location)

Sequence (given 5' to 3')

Adh2 Third Exon

P1 (5' region)

P2 (3' region)

HLA-DQB81
P3 (5' region)

P4 (3' region)

nd Exon

AATCTTTTCTGAATCTGAACAG

ggaattccGTGTGAATCCTGTACCTGGTTT

ATTTCGTGTACCAGTITAAGG

CCACCTCGTAGTTGTGTCTGCA




2.1.2 METHODS

2.1.2.1 Isolation of Genomic DNA

Isolation of genomic DNA from frozen samples of anticoagulated whole
blood (-20°C, 5 ml) was carried out using the method of Jeanpierre (1987),with
several modifications. Samples were thawed at 37°C and resuspended in 10 ml
of saline solution #1 (75 mM NaCl, 25 mM EDTA). The samples were
centrifuged in 15-ml conical centrifuge tubes (Fisher Scientific, Phillipsburg, New
Jersey) in a bench top clinical centrifuge (International Equipment Company,
Needham Heights, Massachusetts) at 690 x g for 20 min. The supernatant (3 ml)
was aspirated and replaced with an equal volume of saline solution #2 (10 mM
NaCl, 10 mM EDTA). The pellet was resuspended and centrifuged at 690 x g for
20 min. Again, the supernatant (10 ml) was aspirated and replaced with an equal
volume of saline solution #2 and centrifuged 1200 x g for 15 min. The
supernatant was aspirated to leave 0.5 m| of sample and the aspirated voiume
was replaced with an equal volume of saline solution #2 and centrifuged (1200 x
g, 15 min). Finally, the entire supernatant was removed and the peilet
resuspended in 100 ul of saline solution #2. Guanidine hydrochloride (3 mi, 6 M)
was added to the resuspension and the sample was placed on a rotary wheel at
4°C for 15 min or until the pellet was completely resuspended. Ammonium
acetate (216 ul, 7.5 M) was then added and the sample was spun on the rotary
wheel for 3 hours at 4 °C.

Protein digestion was carried out by the addition of 216 ul of 20% sarkosy!
and 35 ul proteinase K (20 mg/mi). Samples were replaced on the rotary wheel
for 1 hour at room temperature and then transferred to a 65°C water bath for

incubation overnight. The centrifuge tubes were inverted periodically during the




incubation. Following the overnight incubation, ethano! was added to the
samples (2.5 volume of 70% ethanol, stored at -20°C) and the tubes were
inverted gently until the high molecular weight DNA could be spooled into 2 ml of
TE (pH 7.6). Spooled DNA was removed from the spooling rod by incubation of
the sample for 5 min at 65°C. Proteins were removed from genomic DNA with
the addition of 150 ul of sarkosyl (20%) and incubation on the rotary wheel for 1
hour at room temperature. Proteinase K (20 ul, 20 mg/ml) digestion was carried
out at 65°C overnight. DNA was spooled from the solution after the addition of 4
mi of 95% ethanol (stored at -20°C) and rinsed in 5 ml of 70% ethanol (stored at
-20°C). The DNA was then removed from the spooling rod and resuspended in 1
mi TE (pH 7.6) and incubated at 65°C for 5 min. Isolated genomic DNA samples
were then stored at 4°C until required.

The concentration of the DNA solution was determined by measuring its
optical density at a wavelength of 260 nm using a Shimadzu spectrophotometer
(model UV160U). One microaram of undigested genomic DNA from each
sample was subjected to electrophoresis in a 0.8% mini agarose gel to ensure
that it was of high molecular weight and to verify the spectrophotometric
quantitation. As well, 1 ug of each sample was digested with the type Il
restriction endonuclease, Eco Rl and was subjected to electrophoresis through a
0.8% mini agarose gel to ensure that the genomic DNA could be digested with a
restriction endonuclease. This digestion was used to assess the quality of the

genomic DNA prior to its use for in vitro amplification.

2.1.2.2 Restriction Endonuclease Digestion of Genomic DNA

Genomic DNA equivalent to 1.0 ug was aigested overnight (20 hours) with

the restriction enzyme Eco Rl (Pharmacia, Uppsala, Sweden) at 37°C and using

24



One-Phor-All Buffer PLUS conditions (100 mM Tris-acetate, pH 7.5, 100 mM
magnesium acetate, 500 mM potassium acetate). The digestions were stopped
by heat inactivation (65°C, 20 min) and by adding a one-fifth volume of gel
loading buffer (50 mM EDTA, pH 8.0, 0.125% bromophenol biue, 12.5% Ficoll).

2.1.2.3 Etectrophoresis of Agarose Gels

Electrophoresis of restriction enzyme digested genomic DNA was
performed at room temperature in horizontal 0.8% agarose gels (8 x9cm), in1 X
TBE running buffer (89 mM Tris; 89 mM boric acid; 2 mM EDTA, pH 8.0).
Electrophoresis was carried out at 100 V for 1 hour. The A Hind lll digest/pX174
Hae |l digest molecular size standard (1 ug; Pharmacia) or 2 ug of a 1 kb ladder
(Life Technologies) was used on all gels. Gels were stained with 10 ug/ml
ethidium bromide in 1 X TBE either before or after electrophoresis. A Polaroid
MP-4 Land Camera, a Kodak Wratten No. 22 gelatin filter and black-and-white
Polaroid type 57 Land film were used to photograph the stained DNA rragments
visualized using an Uitra Lum transilluminator (model UVB-40E; wavelength 302

nm).

2.1.24 Primary PCR Ampilification of the Adh2 Third Exon

A 100-ul aliquot of each genomic DNA sample was heated at 95°C for 10
min prior to use as template for polymerase chain reaction (PCR) amplification as
recommended by the Tagq DNA polymerase supplier (Life Technologies,
Bethesda Maryland). This heat treated aliquot of genomic DNA was stored at
4°C untii required. The third exon of the alcohol dehydrogenase locus, Adh2

was amplified from each of the genomic DNA samples using a primary PCR with



temperature and chemical conditions determined empirically to give optimal
specificity and high yield of PCR product. Approximately 500 ng of genomic DNA
was brought up to a 10-ul volume with TE (pH 7.6) and was incubated with 50
pmol of each of the two primers (P1 and P2, Table 1), 0.25 mM dATP, 0.25 mM
dCTP, 0.25 mM dGTP, 0.25 mM dTTP, 3 mM MgCl2, 1X reaction buffer (50 mM
KCI, 20 mM Tris-Cl, pH 8.4) and 2.5 U Tag DNA Polymerase (Life Technologies,
Bethesda Maryland). The reaction was brought up to 100 u! with sterile distilled
water and overlaid with 100 ul of mineral oil (Sigma, St. Louis, Missouri).
Thermocycling was performed in a Perkin-Elmer Cetus Thermocycler, using the
following conditions. PCR reactions were prepared on ice and then placed
directly into the preheated thermocycler (94°C). After an initial meiting at 94°C
for 2 min, 40 cycles of 94°C for 1 min, 50°C for 2 min, and 72°C for 1 min were
performed. A 7-min extension period at 72°C followed the 40 cycles. The
samples were then stored at 4°C until required. Ten PCR reactions were
prepared simultaneously from a master mix of reactants that lacked template.
Each master mixture was monitored for contamination by the use of a single
negative control reaction which contained 10 ul of distilled water in place of

genomic DNA template.

2.1.2.5 Primary PCR Ampilification of the HLA-DQB1 Second Exon

Prior to the primary PCR amplification of the second exon of the human
leukocyte antigen locus, HLA-DQB1, genomic DNA template was digested with
the restriction endonuclease Alu I. Genomic DNA equivalent to 1.0 ug was
digested overnight (20 hours at 37°C) with the restriction enzyme Alu |
(Pharmacia, Uppsala, Sweden) and One-Phor-All Buffer PLUS. This restriction

endonuclease digestion was used to enhance the specificity of the primary PCR
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amplification of the HLA-DQB81 locus by cutting within a region of the pseudogene
HLA-DQB2 that is homologous to the second exon of HLA-DQB87 and would
otherwise coamplify given the primer pair selected for PCR amplification in this
analysis. Genomic DNA digested by the restriction endonuclease was
precipitated and resuspended in H20 since the salt concentration of the
restriction endonuclease digestion buffer was inhibitory to the Tag DNA
polymerase. Precipitation was performed using one volume of 4 M ammonium
acetate, two volumes of isopropanol (100%) and 2 ul of linear polyacrylamide (10
ng/ul) as carrier. The samples were vortexed and incubated at room temperature
for 10 min prior to centrifugation for 10 min at 13,200 rpom using a MicroMax
microcentrifuge (International Equipment Company, Division, Needham Heights,
Massachusetts). The precipitate was washed in 70% ethanol, dried and
resuspended in 20 ul of H20.

Approximately 250 ng of this DNA was incubated with 25 pmol of each of
the two primers (P3 and P4, Table 1), 0.25 mM dATP, 0.25 mM dCTP, 0.25 mM
dGTP, 0.25 mM dTTP, 2 mM MgCi2, 1X reaction buffer (50 mM KCI, 20 mM
Tris-Cl, pH 8.4) and 2 U Taqg DNA Polymerase (Life Technologies, Bethesda
Maryland). The reactior was brought up to 100 ul with sterile distilled water and
overlaid with 100 ul of mineral oil (Sigma, St. Louis, Missouri). After an initial
melting at 94°C for 3 min, 30 cycles of 94°C for 1 min, 64°C for 1 min, and 72°C
for 1 min were performed. A. 10-min extension period at 72°C followed the 30
cycles and samples were stored immediately at 4°C until required. Master mixes
and negative controls tacking genomic DNA template also were used for the

amplification of this locus (section 2.1.2.4).
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2.1.2.6 Analysis and Purification of PCR Products

The yield and specificity of all PCR reactions were assessed following
electrophoresis of a one-tenth volume of the reaction through an 8% mini
polyacrylamide gel (30% weight/volume of total monomer, 1 X TBE running
buffer) using the Bio-Rad (Richmond, California, U.S.A) MiniPROTEAN ||
apparatus. A one-sixth voiume of gel loading buffer (0.25% bromophenol blue,
0.25% xylene cyanol, 30% glycerol in HoO) was added to each aliquot of the
PCR reactions and the samples were subjected to electrophoresis for 45 min at
150 V. Polyacrylamide gels were stained and photographed as described for
unstained agarose gels (see section 2.1.2.3).

Products of the primary PCR reaction (90 ul) were precipitated using one
volume of 4 M ammonium acetate, two volumes of isopropanol (100%) and 2 pi
of linear polyacrylamide (10 ug/uf) as carrier. The samples were vortexed and
incubated at room temperature for 10 min prior to centrifugation for 10 min at
13,200 rpm. The precipitate was washed in 70% ethanol, dried and resuspended
in 10 ul of H20. A one sixth volume of gel loading buffer (0.25% bromophenol
blue, 0.25% xylene cyanol, 30% glycerol in HoO) was added to the resuspension
and the samples were subjected to electrophoresis in 1X TAE buffer (40 mM Tris,
20 mM sodium acetate-3 HoO, 1 mM EDTA, pH 7.2) through a low melting point
agarose gel at 90 mAmps for 2 hours. Gels were stained and photographed as
described in section 2.1.2.3. The PCR products of the expected length of the
third exon of the Adh2 locus or the second exon of the HLA-DQB81 locus were
cut out of the agarose gel and transferred to a 1.5-ml microcentrifuge tube. The

gel slice containing the desired PCR product was melted at 70°C for 10 min and
diluted in 1 ml of H2O. These procedures achieved the isolation of the desired



PCR products from the genomic DNA template, primers and primer artifacts of
the primary PCR reaction. The purified PCR product (10 ul) was then used as a
template for secondary PCR amplification. The chemical and thermocycling
conditions of the secondary PCR reactions were identical to those of the primary
PCR reactions.

The product of the secondary PCR amplification of the Adh2 third exon
was purified from nucleotides, the Tag DNA polymerase, primers and primer-
dimers through the use of the QIAquick PCR purification kit (Qiagen). The
purified PCR product was eluted in 50 ul of HoO. The product of the secondary
PCR amplification of the HLA-DQB81 second exon was precipitated using 1
volume of 4 M ammonium acetate, 2 volumes of isopropano! (100%) and 2 ul
linear polyacrylamide (10 ug/ul) as carrier. The samples were vortexed and
incubated at room temperature for 10 min prior to centrifugation for 10 min at
13,200 rpm. The precipitate was washed in 70% ethanol, dried and resuspended
in 10 ul H20. A one-sixth volume of gel loading buffer was added to 10 u! of the
resuspension and the samples were subjected to electrophoresis in 1X TBE
through an 8% polyacrylamide gel. The gel was stained and the DNA visualized
using the methods described in section 2.1.2.3. The region of the acrylamide gel
containing the amplified exon was excised, the ge! slice was crushed and the
DNA eluted from the gel in 250 ui of H20 with agitation overnight at 37°C. The
acrylamide was removed from the eluted DNA fragments using
microcentrifugation for 15 min at 13,200 rpm in a Costar Spin-X centrifuge filter
unit (Costar, Cambridge Massachusetts). The QIAquick PCR purification kit
purified the amplified HLA-DQB1 second exon and eluted it in 50 ul of H2O.

The purity and concentration of the PCR product was assessed by
electrophoresis (45 min at 150 V) through an 8% polyacrylamide gel using a 1/10

volume of the purified PCR product and containing a one sixth volume of gel
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loading buffer. The PCR product length and quantity were determined in
comparison with the standards given in section 2.1.2.3. Polyacrylamide gels

were stained and photographed as described in section 2.1.2.3.

2.1.2.7 Single-Strand Conformation Polymorphism Analysis

Approximately 500 ng of the QIAquick purified PCR product was mixed
with an equal volume of a denaturing gel loading buffer (95% formamide, 4.6 M
urea, 0.25% xylene cyanol and 0.25% bromophenol blue), heat denatured (95°C
for 10 min) and cooled on ice (4 min). The single-stranded conformers and
double stranded PCR-amplified products were subjected to electrophoresis in an
8% nondenaturing mini polyacrylamide gel (1X TBE running buffer at 150 V for
45 min) using the Mini PROTEAN Il system. Gels were stained and
photographed as described in section 2.1.2.3. The mobility of single-stranded
conformers and nonderatured double-stranded PCR products were compared
with a molecular size standard (section 2.1.2.3) and with samples which were not
heat denatured, contained nondenaturing gel loading buffer and were run on the
same gel as the denatured samples.

In an alternative SSCP protocol, lesser amounts of DNA were required
and a greater separation of the different single-stranded conformers was
achieved. PCR products (50 ng) were end-labeled in 1X kinase buffer (70 mM
Tris-Cl, pH 7.6, 10 mM MgCi2, stored a 4°C) and 10 mM DTT using 10 uCi of y-
[32P]-ATP (3000 Ci/mmol; Amersham) and 30 U T4 polynucleotide kinase (Life
Technologies). End-labeling was performed in a Perkin ElImer Thermocycler at
37°C for 10 min and was immediately inactivated by incubation at 90°C for 5 min.
End-labeled PCR products were used immediately or stored up to 5 days at

-20°C. End-labeled PCR products were denatured as described above and were

30



subjected to electrophoresis in 1X TBE running buffer on 8% nondenaturing
polyacrylamide gels using Bio-Rad (Richmond, California, U.S.A) SequiGene
sequencing system (0.4 cm X 21 cm X 50 cm) and an LKB Bromma 2302
Multidrive XL 3.5 kV power pack (Pharmacia). The gels were prerun for 30 min
at 2 W prior to loading samples, at 90 W for 2 min to run samples into the gel and
finally at4 W for 10 hr at room temperature. After electrophoresis, the gels were
dried onto Sequencing Gel filter paper (Bio-Rad) for 1 hr in a Bio-Rad Model 583
gel drier. X-ray film (Kodak X-OMAT AR) was placed next to the dried gel in a
film cassette for 18 to 72 hr at room temperature. The film was then developed
according to the manufacturer's instructions using GBX developer and fixer.
SSCP conformers were identified without knowledge of the identity of the
sample under examination. The relative mobilities of single-stranded DNA
conformers upon nondenaturing polyacrylamide gel electrophoresis were
described relative to a molecular size standard and to a reference sample to

which all samples were compared.

2.1.2.8 Primer End-Labeling For Direct Sequencing cf PCR Products

Primers (20 uM) to be used for direct sequencing were end-labeled in 1X
kinase buffer (70 mM Tris-Cl, pH 7.6, 10 mM MgCl2, stored at 4°C) and 10 mM
DTT using 10 uCi of y-[32F}-ATP (3000 Ci/mmol; Amersham) and 30 U of Ta4
polynucleotide kinase (Life Technologies). End-labeling was performed in a
Perkin Eimer Thermocycler at 37°C for 10 min and was inactivated by incubation
at 90°C for 5§ min. End-labeled primers were used immediately or stored up to 5
days at -20°C The primer P2 was used to determine the sequence of the third

exon of Adh2 and the primers P3 and P4 w&re used to determine the sequence
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of the second exon of the HLA-DQB81 locus (primer sequences are contained in
Table 1).

2.1.2.9 Direct DNA Sequencing of the PCR-Ampilified Adh2 Third Exon

Approximately 200 to 500 ng of PCR-amplified and purified DNA was
sequenced directly using the Perkin Eimer AmpliTaq cycle sequencing kit and a
Perkin Eimer Thermocycler. The template was denatured initially at 95°C for 1
min and then cycle sequenced for 20 cycles of template denaturation at 95°C for
1 min and primer extension at 72°C for 1 min. Following the 20 cycles, a final
extension step was carried out at 72°C for 7 min. The conditions for optimal
sequencing were determined empirically for each primer used. The primer P2
was selected for use in direct sequencing because it produced sequence ladders
with minimal background banding. Extensive sequencing was not performed
using the P1 primer as no nucleotide variation was detected among the samples

using SSCP analyses and direct sequencing with the P2 primer.

2.1.2.10 Direct DNA Sequencing of the PCR-amplified HLA-DQB81Second

Exon

Approximately 10 fmol (0.79 ng) of purified PCR-amplified DNA was
sequenced directly using the Perkin Eimer AmpliTaq cycle sequencing kit and a
Perkin Eimer Thermocycler. The tempiate was denatured initially at 95°C for 2
min and then cycle sequenced for 25 cycles. Using the P3 primer, the cycling
conditions included template denaturation at 95°C for 1 min, primer annealing at
64°C and primer extension for 1 min at 72°C. The primer P4 rer Jired cycling

conditions of template denaturation at 95°C for 1 min, primer annealing at 70°C



and primer extension for 1 min at 72°C. Both cycling conditions were followed by
a final extension step carried out at 72°C for 7 min. The sequencing reactions
were held for no longer than 45 min at 4°C prior to addition of the stop buffer.
Sequencing reactions were used within 24 hours with storage at -20°C. The
conditions for optimal sequencing were determined empirically for each of the

primers tested.

2.1.2.11 General DNA Sequencing Gel Protocols

Sequencing reactions were separated on 8% polyacrylamide, 8 M urea
gels using a Bio-Rad (Richmond, California, U.S.A.) SequiGene sequencing
system (0.4 cm X 21 cm X 50 cm) or a Model S2 BRL sequencing apparatus (0.4
cm X 39 cm X 33 cm) and an LKB Bromma 2302 Multidrive XL 3.5 kV power
pack (Pharmacia). Electrophoresis conditions were 50°C and a constant power
of 60 W for 2 or 5 hr. After electrophoresis, the gels were dried on Sequencing
Gel filter paper (Bio-Rad ) for 1 hr in a Bio-Rad Model 583 gel drier. X-ray film
(Kodak X-Omat AR) was placed next to the dried gel in a film cassette and
exposed 24 to 48 hr at room temperature. The film was processed according to

manufacturer's instructions using GBX developer ana fixer.

2.1.2.12 Typing the Banding Patterns of DNA Sequencing Reactions

The two alleles at a single locus in heterozygous individuals were not
isolated prior to DNA sequencing. Thus, heterozygosity in DNA sequencing
reactions was identified as two single-stranded DNA sequences of identical

length yet terminating with two different ddNTPs. In the set of four termination
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reactions two bands of approximately equal intensity are seen to migrate to the
same horizontal position upon denaturing pciyacrylamide gel electrophoresis.

A single nucleotide sequence in homozygous individuals and the two
sequences of heterozygotes were compared with known allele sequences in
order to identify individual alleies. Three allele sequences were considered in the
case of the third exon of the Adh?2 locus. Twenty-five known allele sequences
(Appendix 1) at the second exon of the HLA-DQB1 locus were compared with the
sequences determined in this analysis in order to identify the allele or alleles at

this locus in individual samples.

22 COMPUTER ANALYSIS OF NUCLEOTIDE SEQUENCE
ORGANIZATION AND VARIATION

2.2.1 MATERIALS

2.2.1.1 Nucleotide Sequ2nces

Nucleotide sequences were obtained from release 69.0 of the Genbank
DNA sequence data base (Bilofsky and Burks, 1988) and release 28.0 of the
EMBL data base. Table 2 lists the 29 alcohol dehydrogenase (Adh ) sequences
selected for analysis of the organization of nucleotides. Alleles at the human
teukocyte antigen locus, HLA-DQB1 second exon and the human, pig and sheep
DQB17 cDNAs were included in the analysis (CDNA accession numbers, M24364,
M31497 and LOB792, respectively). The organization of nucleotides in large
continuous DNA sequences (>36,000 nts) was examined using 56 sequences
ranked among the 100 longest in the Genbank and EMBL sequence databanks
(releases 68.0 and 27.0, respectively; Table 3).
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Table 2. The 29 alcohol dehydrogenase nucleotide sequences used in an

analysis of nucleotide sequence organization.



GenBank accession No.

Species Label (Locuse)

I. Iron-binding (IB)
M15394
X05992

II. Nonmetal-binding (NB)

Z00033/X00603
X04672/200045
X00607/X03226/200031

IIXI. Zinc-binding (ZB)

J03362
X02764
J01313

K03292
JO1314/M13475
JO01l341

M12196

X07774

X00580

X01965

M25154

M25153

M25152

X14826

M11307

M15327

M25035

M12963

M12271

D00137
M24317/M11831-M11839

/¥01883

M21692

X04299

M12272

Zymomonas mobilis Zym
Sacharomyces cerevisiae Ysd
(Adh4)

Drosophila mauritiana Dma
Drosophila sechellia
Drosophila simulans

Alcaligenes eutrophus Alc
Aspergillus nidulans Asn
Sacharomyces cerevisiae ¥Ysl
(Adh1l)

Sacharomyces cerevisiae (Adh3)
Sacharomyces cerevisiae (Adh2)
Schizosaccharomyces pombe YSp
Arabidopsis thaliana Ath
Hordeum vulgare Bly

Zea mays (Adhl-F)
Zea mays (Adhl-N)
Solanum tuberosum (Adhl)
Solanum tuberosum (Adh2)
Solanum tuberosum (Adh3)

Trifolium repens

Mus musculus Mus

Rattus norvegicus

Papio hamadryas anubis Bab
Homo sapiens (Adhl)

Homo sapiens (Adhl)

Homo sapiens Hum (Adh2)

Homo sapiens (Adh2)
Homo sapiens (Adh2)
Homo sapiens (Adh3)
Homo sapiens (Adh3)
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Table 3. Large continuous DNA sequences (>36,000 nts) from 10
phylogenetically diverse species used for analysis of nucleotide sequence

organization. Sequences are listed on two pages.



Species (Total No. of nts. examined)

LOCUS Gene Region or Location Length (nts)
Escherichia coli (687,631)

SCO110K 0-2.4 min. 111,401
ECOU47 47-48 min. 75,888
ECOUWS2 81.5-84.5 min. 136,254
ECOUWS85U 84.5-86.5 min. 91,408
ECOUWS87 87.2-89.2 min. 96,484
ECOUWS89 89.2-92.8 min. 176,196

Rhodobacter capsulatus
RCPHSYNG Photosynthetic gene cluster 45,959

Saccharomyces cerevisgiae (432,583)
SCPEKGAT Ornithine decarboxylase

chromosome XI 38,467
YSCCHRIII Complete chromosome III 315,357
YSCCHROMI Centromeric region chromosome I 41,987
YSCSYGP2 CYC7 region chromoscme V 36,772
Caenorhabditis elegans (1,008,914)
CEB0464 Aspartyl-tRNA synthetase 40,909
CEF58A4 RNA polymerase I and III 38,000
CEF59B2 Cosmid F59B2 43,782
CELC08C3 Homeobox DNA-binding proteins 44,025
CELC14B9 Met-tRNA; alpha-B-crystallin 43,492
CELC29E4 Adenylate kinase 40,050
CELC50C3 Calmodulin 44,733
CELF095G8 Cuticle collagen protein 41,645
CELF44B9 Al accessory protein 36,327
CELF54F2 DNAJ protein; protease 39,573
CELROSD3 DNA topoisomerase II 38,810
CELTWIMUSC Unknown open reading frame 54,962
CELZC21 Breakpoint cluster region protein 36,087
CELZK112 Cadherin 38,269
CELZK370 Mariner transposition protein 37,675
CELZK652 60S ribosomal protein L35 36,052
CELZK688 N-acetylgalactosaminyltransferase 36,977
CER107 CosmidR107 40,970
CEUNC22 Unc-22 47,081
CEZC84 Serine protease inhibitor repeats 38,955
CEZK1098 GCN3 37,310
CEZK512 RNA helicase 36,997
CEZKG32 ADP ribosylation factor 36,000
CEZK637 Cosmid ZK637 40,699

CEZK643 Cosmid ZK643 39,534



Species (Total No. of nts. examined)

LOCUS

Gene Region or Location

Length (nts)

Drosophila melanogaster

DROABDB

Abdominal -B

Rattus Norvegicus

RATCRYG

Y-crystallin

Mus musculus

MUSTCRA

T-cell receptor

Oryctolagus cuniculus

RABBGLOB

B-iike globin

Galagc crassicaudatus

GCRHBEGEB

Bp—globin

Homo sapiens (965,092}

HSMHCAPG

HUMADAG
HUMDYSTROP
HUMFIXG
HUMGHCSA
HUMHABCD

HUMHBB

HUMHDA
HUMHP2HPR
HUMMDA
HUMNEUROF
HUMRETBLAS
HUMTCRADCV
HUMTPA
HUMVITDBP

Major histocompatibility complex

Class II

Adenosine deaminase
Dystrophin

Factor IX

Growth hormone

4pl6.3

B-globin

Cosmid HDAC

Haptoglobin

19gq13.3
Neurofibromatosis-1
Retinoblastoma
Tcr-C-delta

Tissue plasminogen activator
Vitamin D binding protein

80,423

54,670

94,647

44,594

41,101

66,109
36,741
38,770
38,059
66,495
58,864

73,326

40,289
38,524
37,314
100,849
180,388
97,634
36,594
55,136




Nucleotide sequence organization in the yeast Saccharomyces cerevisiae
genome was examined in greater detail using large regions of four different
chromosomes and numerous regions of chromosome Ill. Regions of
heterogeneous functional significance (i.e., that contained both translatable and
nontranslatable sequences) were obtained by dividing chromosome Il into 10
consecutive and nonoverlapping regions, each 30,000 nts in length, and 20
consecutive and nonoverlapping regions, each 15,000 nts in length. Subdivision
of the chromosome into regions always began with the first nucleotide at the left
telomere. The remaining 15,357 nts of the chromosome comprised a final region.

Sequence organization was aiso compared for strictly translatable and
entirely nontranslatable sequences. In the case of the yeast chromosome |ll, a
28-kb sequence composed entirely of translatable sequences was created by
assembling end to end the 22 putative open reading frames located closest to the
left telomere. The relative order of the reading frames in the chromosome
sequence was maintained in the newly assembled sequence. A 28-kb sequence
entirely composed of nontransiatable sequences was created by assembling end
to end the sequences dispersed amongst the transiatable sequences. These
sequences were obtained beginning at the ieft telomere and their relative order in
the chromosome sequence was maintained in the newly assembled sequence.
The coding and noncoding regions of the human globin gene complex and
neurofibromatosis-1 gene regions were analyzed in a similar manner.

Nucleotide sequence organization was also examined in twenty-eight
complete mitochondrial DNA genomes and short, adjacent and nonoverlapping
regions of mitochondrial genomes (Table 4) The regions of mitochondrial
genomes were 16, 30 and 4 kb in size from Saccharomyces cerevisiae,

Marchantia polymorpha and Homo sapiens, respectively.
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Table 4. The complete mitochondrial 9enome sequences for 28
phylogenetically diverse species used for analysis of nucleotide sequence

organization.



Bvolutionary Category

Accession No.

Sequence Length

Genus species /Keyword {nts)
Protozoan

Paramecium aurelia X15917 /PAUR 40,469
Fungus

Podospora anserina M61734/PANS 100,314
Alga

Prototheca wickerhamii U02970/PWIC 55,328
Yeast

Schizosaccharomyces pombe X54421/SPOM 19,431
Saccharomyces cerevisiae M62622/SCER 78,294
Plant

Marchantia polymorpha M68929 /MPOL 186, 608
Invertebrate

Ascaris suum X54253/ASUU 14,283
Caenorhabditis elegans XS54242/CELE 13,794
Artimiidae franciscana X69067 /AFRA 15,770
Paracentrotus lividus J04815/PLIV 15,679
Strongylocentrotus purpuratus X12631/SPUR 15,650
Drosophila yakuba X03240/DYAK 16,019
Apis melifera L06178/AMEL 16,343
Anopheles gambiae L20934/AGAM 15,363
Vertebrate

Gallus gallus X52392/GGAL 16,775
Xenopus laevis X01601/XLAE 17,553
Cyprinus carpio X61010/CCAR 16,364
Crossostoma lacustre MS1245/CLAC 16,558
oncorhynchus mykiss L29771/0OMYK 16,660
Dipelphis virginiana Z29573/DVIR 17,084
Balaenoptera physalus X61145/BPHY 16,398
Balaenopteridae musculus X72204 /BMUS 16,402
Halichoerus grypus X72004 /HGRY 16,797
Phoca vitulina X63726/PVIT 16,826
Bos taurus J01394 /B ’AU 16,338
Rattus norvegicus X14848/RNOR 16,298
Mus musculus Vv00711/MMUS 16,295
Homo sapiens J01415/HSAP 16,569
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Table 5 contains the names of the complete viral genome sequences
available from sequence databanks. Only complete genome sequences were
selected due to the small size of the partial genome sequences and the difficulty
in characterizing genome-specific sequence structures from smail and select
regions of a genome.

Nucleotide sequences having simple global structures were constructed
using the Microsoft Excel spreadsheet program (version 2.2; Microsoft
Corporation, Believue, WA) and the random number generator of the Systat
statistical package (version 5.1; Wilkinson, 1991). A column of cells in the
spreadsheet were each assigned a nucleotide and the cells were sorted using the
random number generator. The number of cells used was equal to the number of
nucleotides in the sequence and the number of celis assigned a particular
nucleotide was dependent upon the single nucleotide composition to be
examined. Table 6 lists the types of simple sequence structures constructed
through alteration of single nucleotide frequencies. All sequences were 16,295
nts in length, a length comparable to a vertebrate mitochondrial genome and a
length that generated a sufficient number of data points for the visual recognition
of nonrandom patterns in the distribution of data points. Nucleotides were

ordered randomly in all ot the computer-generated nucleotide sequences.

2.2.1.2 Computer Hardware and Software Packages

Chaos game representation of short nucieotide sequences (shorter than 2
kb) was performed using a HyperBasic program according to the method of
Jeffrey (1990, 1992). Chaos Generator/Plot programs were run on the Macintosh
Classic microcomputer (4 megabytes of memory and operated under system

software version 6.07; Cupertino, CA). Chaos generator and plotting programs



Table 5. Complete viral genome sequences used for analysis of nucleotide

sequence organization.



Viral Genome Accession Sequence Length
Keyword (nts)
Aderniovirus type 2 ADRCG 35,937
Bacteriophage L2 BLZCG 11,965
Hog cholera HCVCGSA 12,285
Human immunodeficiency HIVANT70C 9,754
Human immunodeficiency HVMVP5180 9,793
Kunjin KUNCG 10,664
Sindbis SINCG 11,703
Simian immunodeficiency SIVMM32H 10,277
Sonchus yelow net SYENMGC 13,720
Variola major VARCG 186,102
Vesicular stomatitis VSVCG 11,161
West Nile Virus WNTCG 10,960
Visna lentivirus VLVCG 9,203
Hepatitis C HPCJCG 9,413
Woodchuck hepatitis OHVCGD 3,323
Visna VLVLVIA 9,221
Heron Hepatitis B HPUCG 3,027
Duck Hepatitis B HPUGA 3,024
Borna disease BDVSEQ 8,903
Moloney murine leukemia MLMCG 8,332
Rous sarcoma ALRCG 9,625
Tobacco mosaic MTVVCG 6,395
Nurine Minute MVMPCG 5,149
Hepatitis A HPA 7.478
Feline immunodeficiency FIVCG 9,474
Bovine Leukemia BLVCG 8,714
Moloney murine sarcoma MLMPROCG 5,828
Yellow fever YFVCG 10,862
JC polyomavirus PLYCG 5,130
Potato A PVCGA 9,585
Dengue DENZCGA 10,723
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Table 6. Computer-generated nucleotide sequences having known and
simple structures. Each of the sequences differs in single nucleotide

composition. All sequences are 16,295 nucleotides in length and the nucleotides

are ordered randomly.



Sequence Description

Nucleotide Composition

Equivalent frequencies of nucleotides

Under-representation of a single nucleotide

Over-representation of a single nucleotide

Under-representation of two nucleotides

A=C=G=T=25%

A=40%, C=G=T
A=30%, C=G=T
A=20%, C=G=T
A=10%, C=G=T

C=90%, A=G=T
C=80%, A=G=T
C=70%, A=G=T
C=60%, A=G=T

A=T 10%, C=G 90%
A=T 20%, C=G 80%
A=T 30%, C=G 70%
A=T 40%, C=G 60%

C=T 10%, A=G 90%
C=T 20%, A=G 80%
C=T 30%, A=G 70%
C=T 40%, A=G 60%
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based upon the algorithm of Jeffrey (1990, 1992) were also written in Fortran 77
and operated in the VAX/VMS operating system in order to analyze nucleotide
sequences longer than 2 kb (Appendix 2). Chaos generator and plotting
pregrams utilized the SAS Information System (SAS Institute Inc, Cary NC).
Another Fortran 77 program, Coordinate Frequency was employed to count
repetitions of (x,y) coordinates in chaos plots (Appendix 3). This program
determines the frequency of superimposed data points in individual chaos plots
and identifies the nucleotides or subsequences that are repeated in the antire
nucleotide sequence. Other Macintosh productivity software packages including
The DNA Inspector program (version 3.13; Gross 1986), Systat and Excel were
used in the data analysis. Sequence alignment and related genetic distance
calculations were performed using The University or Wisconsin Genetics

Computer Group Software (UWGCG, version 8, Devereux et al. 1981).
22.2 METHODS
2.2.2.1 Manipulation of Nucleotide Sequence Information
Coding regions were edited from genomic sequences using the software
program DNA Inspector lle. Amino acid sequences were translated from

nucleotide sequences using either the DNA inspector package or the ‘Translate’

program of the UWGCG package.

2.2.2.2. Multiple Sequence Alignment and Genetic Distance Calculations

The UWGCG program 'Gap’, which uses the algorithm of Needleman and

Wunsch (1970), was usad to make an optimal alignment between two nucleotide
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sequences. Default values for gap weight and gap length were used (5.0 and
0.3, respectively). The scoring matrix used the default match threshoid of 0.5.
All possible pairwise comparisons of sequences were made using the 'Gap’
program prior to sequence alignment. Multiple sequence alignment was
performed using the UWGCG prugram ‘Lineup’, which used the alignments
generated by the 'Gap’' program. 'Pileup' was also used to create a multiple
sequence alignment from a group of related sequences using progressive
pairwise alignments (Needleman and Wunsch, 1970). The UWGCG program
'‘Distances’ generated a matrix of pairwise genetic distances between each
sequence in the multiple sequence alignment. For closely related sequences, the
observed distance between sequences was computed with no correction for
multiple substitutions. This uncorrected distance measure was defined as the
difference between one and the number of matches between each sequence pair
divided by their iength (Swofford & Olsen, 1990).

2223 Chaos Game Representation of DNA Sequences

Chaos game representation of DNA sequences (Jeffrey 1990) was used to
obtain a graphic display of the primary organization of large nucleotide
sequences. The chaos game (Figure 1) is plotted on x and y axes, producing a
square whose four vertices correspond to the four nucleotides of a DNA
sequence, adenine (A), cytosine (C), guanine (G) and thymine (T). All chaos
plots were constructed such that x and y were integer values and the x and y
axes were set at a minimum value of 0 and a maximum value of 1000. The
standard format for chaos plots sets the (0,0) coordinate as the vertex
representing A, (0,1000) as C, (1000,1000) as G and (1000,0) as the T vertex.

The first point (i.e., x,y coordinate) is plotted halfway between the center of the



Figure 1. Chaos representation of DNA sequences. The chaos game is

plotted on a square whose four vertices correspond to the four nucleotides
adenine (A), cytosine (C), guanine (G) and thymine (T). For the short sequence
*"ACGT" adenine, the first nucleotide of the sequence is plotted halfway between
the center of the square and the 'A’ vertex. The second nucleotide, cytosine is
plotted halfway between the previous point plotted and the ‘C' vertex. Plotting
continues with the remaining nucleotides in the DNA sequence being plotted halif-
distance between the previous point plotted and the vertex representing the

current nucleotide being plotted.
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square and the vertex representing the first nucleotide of the sequence.
Successive nucleotides in the sequence are plotted halfway between the
previous point plotted and the vertex representing the nucleotide being plotted.
The result is a transformation of a linear sequence of nucleotides into a graphic
presentation of nucleotide composition and order in a two-dimensional scatter
plot.

A rough method of quantification of data point distribution in chaos plots
involves the division of the chaos plot into smaller quadrants, followed by
determination of the frequency of data points within each of the subquadrants
(Figure 2). Subquadrants of chaos plots representing particular subsequences
were defined in terms of (x,y) coordinates and subsequence composition was
determined through calculation of data point frequency within the representative
subquadrants. Division of the chaos plot into four quadrants of equivalent size
and determination of the data point frequency within each subquadrant revealed
the single nucleotide compositior: of the sequence and a further division of the
plot into 16 subquadrants of equivalent size provided information regarding the
dinucleotide composition of the sequence (Jeffrey, 1990, 1992). Trinucleotide
frequencies were obtained from examination of 64 equal-sized subquadrants and
further subdivision of chaos plots was used to analyze the frequency of
subsequences of increasing length. Coordinate data obtained from the chaos
generator programs were divided into 4, 16 or 64 subquadrants and the number
of points in each subquadrant was determined using the data base functions of
Excel.

Subdivision of chaos plots and determination of short sequence
frequencies was used to identify the biases in short sequence composition that
best represented the biases observed in the overall chaos pattern. The x2

statistic was employed to determine the uniformity of the data point distribution in




Figure 2. Subdivision of the chaos plot permits calculation of oligonucleotide
frequencies. The chaos plot can be subdivided into quadrants and subquadrants
etc., where the data point frequency in each subdivision represents the frequency
of a particular oligonucleotide in the DNA sequence. This figure indicates the
size and location of different quadrants and subquadrants in which the density of
data points would correspond to either single, di- or trinucleotide frequencies.
Further subdivision of the chaos plot would permit determination of the

frequencies of .onger subsequences.
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each chaos pattern among 4, 16 or 64 subquadrants. As well, standard genetic
distances (Nei, 1975) between pairs of nucleotide sequences were calculated
using the 4, 16 or 64 subquadrant data point frequencies representing single
nucleotide, dinucleotide and trinucleotide composition.

Similarities and differences among chaos patterns were visually
ascertained for same-length sequences and were described as reiative
differences in data point density between the four axes and four vertices of the
chaos plot and among similar-sized subquadrants of the plot. Comparisons of
chaos patterns for sequences of different lengths were made only after it was
demonstrated that the major features of chaos patterns were not altered with
increased sequence length. Chaos patterns generated for biological sequences
were compared with the chaos patterns produced using computer-generated
sequences that had known and simple sequence structures.

In contrast to the subdivision of a chaos piot into its constituent parts in
order to describe quantitatively the overall pattern in data point distribution, two-
dimensional contour plots were used to describe regional densities of data points
within the entire plot. Contour lines were drawn around regions of a chaos plot
that contained similar densities of data points. Different contour lines were used
to represent different data point densities. Contour plots distinguish dense and
sparse regions of chaos plots without consideration of the subquadrants of a
chaos plot. Relative frequencies of subsequences of all possible combinations of
length and composition are indicated. Contour plots were generated using the
bivariate nonparametric kernel density estimators (default parameters) available
in the Systat package (Wiikinson, 1991).

The resolution of a chaos plot with the dimensions used in this analysis
was such that (x,y) coordinates repeated for identical subsequences ten

nucleotides in length and of random composition and order. A biased



composition and/or a nonrandom order of nucleotides would tend to generate
repetition of an (x,y) coordinate for a shorter subsequence length. Repeated (x,y)
coordinates in a two-dimensional chaos plot are superimposed and thus not
considered in a visual evaluation of chaos scatter plots. The "Chaos Frequency”
program assigned an (x,y,z) coordinate to each nucleotide where the z value
indicated the frequency of that particular (x,y) coordinate up to that nucleotide
position in the plotting of the entire DNA sequence (Appendix 3). The (x,y,z)
coordinates were used to generate three-dimensional chaos plots that display the
composition of the repeated subsequence and the frequency of its repetition
within the entire DNA sequence plotted. Repeated (x,y) coordinates are
considered in contour plots and in the subdivided chaos plots used to portray the
relative frequencies of subsequences that differ in composition but are of identical

length.

2224 Short-Sequence Representation

The UWGCG program 'Composition' was another method used to
determine nucleotide, dinucleotide and trinucleotide content of nucleotide
sequences. Single nucleotide, dinucleotide and trinuclectide frequencies were
used to obtain measures of strand-symmetric relative abundances of short
sequences (i.e., short-sequence representation; Cardon et al., 1994; Burge et al.,
1992). The frequency of a nucleotide X was expressed as fxX. The
representation of A and T (f*A/T) and C and G (f*C/G), considering the DNA
sequence and the complementary strand, was determined as f*A/T = 1/2(fT + fA)
and 'C/G = 1/2(fC + fG). Relative over- and under-representation of A and T
versus C and G nucleotides were used tc measure the degree of nonrandomness

in sin_e nucleotide composition. Standard assessment of oligonucleotide bias in




2.225 General Statistical Analyses

Distance measures between pairs of sequences based on short sequence
representation, codon usage, and sequence alignment (nucleotide substitutions,
etc) were compared using the nonparametric statistic, the Spearman rank-order
correlation coefficient, rs. Correlation coefficients were assumed to vary
monotonically with genetic distance and thus were equated with similarity
coefficients (Rogerson, 1991). These values were used to generate a cluster
diagram (Wilkinson, 1991) describing phylogenetic relationships based upon
analysis of primary sequence organization, specifically in terms of single
nucleotide, dinucleotide and trinucleotide representation. The cluster diagrams
generated for the three types of representation values were assessed in r zlation
to the known phylogenies of the species used in this analysis.

The polymorphic index of Hamrick and Allard (1972) or the measure of
gene diversity (Nei, 1975 ) were used to determine the heterozygosity at the
HLA-DQB1 locus in the two populations examined. The x2 statistic was used to
determine if the genotypic frequencies were representative of a random

association of alleles.



Chapter 3

RESULTS

3.1 DIRECT MEASUREMENT OF NUCLEOTIDE SEQUENCE VARIATION

3.1.1  The Third Exon of the Adh2 locus

3.1.1.1 PCR-Amplification

The third exon of the human alcoho! dehydrogenase gene encoding the B
subunit (i.e., the Adh2 locus) was PCR-ampilified from the genomic DNA of 29
individuals from Southwestern Ontario, Canada and 37 Athabaskan Dogrib
individuals from the Northwest Territories of Canada (Table 7). Figure 3 contains
the nucleotide sequence of the third exon of the Adh2 iocus 81 allele and
indicates the positions of the PCR primers P1 and P2 that border this exon
sequence. Three of the samples from Southwestern Ontario (individuals 30, 31
and 32) were not available at the time of the screening for nucleotide sequence
variation at the third exon of the Adh2 locus. Amplification using the P1 and P2
primer set was unsuccessful for the genomic DNA sample of one Dogrib
individual (individual 64). It was possible to achiove PCR amplification of another
region of the genome of individual number 64 using a different primer set (section
2.1.1.4). The failure of the PCR reaction using the P1 and P2 primer set anc the
PCR conditions given in section 2.1.2.4 may be due to a failure or inhibition of
primer annealing possibly due to an alteration in either or both of the primer

binding sequences bordering the exon sequence. For all other samples, the PCR




Table 7. A summary of the single strand polymorphism (SSCP) and DNA
sequence analyses performed to determine the nature and extent of nucleotide
sequence variation at the third exon of the Adh2 locus and the second exon of
the HLA-DQB1 locus. Human subjects included 32 individuals from
Southwestern Ontario and 38 Athabaskan Dogrib individuals from the Northwest

Territories, of Canada.



Types of analyses performed (+), or not performed (np)

HLA-DQB1
Sequence

Adh2 HLA-DQB1
SSCP/Sequence Sequence

Adh2
SSCP/Sequence

Southwestern Ontario, Canada
individual No.
1 np/np
2 +/+
3 +/+
4 +/+
5 +/+
6 +/+
7 +/+
8 +/+
9 +/+
10 ++
11 +/+
12 +/+
13 +/+
14 +/+
15 +/+
16 +/+
17 +/+
18 +/+
19 +/+
20 +/+
21 +/+
22 +/+
23 +/+
24 +/+
25 +/+
26 +/+
27 +/+
28 +/+
29 r+
30 np/np
31 np/np
32 np/np

+ 4+ + 4+ +++ 4+ + 3+ + 4+
B 38 *38

+H++ 4+ 4+ 3

Northwest Territories, Canada
Individual No.
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
<+
+/+
+/+
+j+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+/+
+[+

Dy
+/+
+/+
+/+
+/+
+/+
+/+
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Figure 3. The third exon of the alcohol dehydrogenase gene encoding the 8
subunit, Adh2. The amino acid encoding nucleotide sequence is presented in the
5' to 3' orientation. The oligonucleotide primers P1 and P2 were used to amplify
this exon. The exon sequence is written in triplets, the intron sequences are
given as a continuous stretch of nucleotides and the primer sequences are in
bold print. P2' represents the complementary sequence to P2, the actual primer.
P2 was the primer used in the direct sequencing of the PCR product. The single
codon altered between typical 87 (CGC) and atypical 82 (CAC) alizies at this

locus is underlined.



Pl

AATCTTITTCTGAATCTGAACAGCTTCTCTTTATTCTGTAG ATG GTG ¢ I GTA GGA

ATC TGT CGC ACA GAT GAC CAC GTG GTT AGT GGC AAC CTG GTG ACC

CCC CTT CCT GTG ATT TTA GGC CAT GAG GCA GCC GGC ATC GTG GAG

AGT GTT GGA GAA GGG GTG ACT ACA GTC AAA CCA GGTACAGGATTCACAC

p2°*

=2

v



reactions were specific for the exon sequence, yielding a single fragment, 194 nts
in length (Figure 4). All PCR reactions were free from nonspecific products and

primer and product artifacts.

3.1.1.2 Single-Strand Conformation Polymorphism Analysis

The PCR-amplified and purified exon 3 fragments of Adh2 were initially
examined for sequence differences using two protocols for the analysis of single-
strand conformation polymorphism (SSCP). The single-strand conformers of the
amplified third exon of the Adh2 locus were of three pattern-types (Figure 5).
Pattern A cconsisted of two single-strand conformers migrating between
nucleotide fragments of the double stranded DNA in the molecular size standards
that were 1,018 and 517 nts in length. Patter: A was evident in the Adh2 exon 3
sequences amplified from 27 of the 29 individuals of Southwestern Ontario.
Pattern B corsisted of two single-strand conformers that displayed slightly slower
migration relative to both Pattern A conformers. Pattern B was in the single
individual from Southwestern Ontario who was of Oriental ancestry (individual
n.mber 29). Pattern C was a four-band pattern indicative of the coexistence of
two different alieles at the Adh2 third exon. The migration of the four single-
strand conformers in Paitern C was consistent with the existence ot the single-
strand conformers of both Pattern A and Pattern B (Figure 5¢). The PCR-
amplified exon 3 of the Adh2 locus of a single individual from Southwestern
Ontario (number 27) displayed the SSCP Pattern C. No evidence of
heteroduplex formation by the PCR-amplified exon sequence was obcerved in
any of the samples. Unlike the individuals from Southwestern Ontario, all Dogrid
subjects showed a SSCP pattern consistent with the A type described above.

T.ae results of the SSCP analysis were identical in the two different SSCP



Figure 4. A representative set of PCR-amplified fragments (194 nts in iength)
of the Adh2 third exon from the genomic DNA of a random sample of individuals
from Southwestern Ontario and the Northwest Territories (lanes A to I). The
fragments had been purified from the reactants and artifacts of the PCR reaction
and were subjected to electrophoresis through a 2.0% agarose gel. The size of
the fragment was calcu'ated using the molecu.ar size marker (M; 1 kb ladder, Life

Technologies) as a standard.
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Figure 5. a) A representative set of the single-strand conformers (ss; lanes A
to H) generated by the PCR-amplified fragments (ds; 194 nts) of the Adh2 third
exon from the genomic DNA of a random sample of individuals from
Southwestern Ontario and the Northwest Territories (Dogrib individuals). The
fragments had been purified from the reactants and artifacts of the PCR reaction
and were subjected to electrophoresis through an 8% polyacrylamide gel. The
mobility of the single-strand conformers was interpreted relative to the molecular
size marker (M) A DNA-Hind lIl/pX-174 RF DNA-Hae |1, (Pharmacia). The single-
strand polymorphism (SSCP) banding pattern of each of these samples is Pattern
A

(b) A different representative set of the single-strand conformers
generated by the PCR-amplified fragments (194 nts) of the Adh2 third exon.
£ach of the SSCP banding patterns presented is that of Pattern A. The
alectrophoretic conditions were identicai to those used in (a) except that the PCR
amplified fragment was visualized through the use of v-[32P])-ATP end-labeling
and the molecular size standard (M) used was the 1 kb ladder (Life
Technologies).

(c) A different representative set of the single-strand conformers generated
by the PCR-amplified fragments (194 nts) of the Adh2 third exon. Three different
SSCP banding patterns were identified (labeiled A, B and C)j. Pattern C is a
composite of patterns A and B. The eiectrophoretic conditions, molecular size

standard (M) and visualization technique were identical to those used in (a).



M A B C D E F G H

- X ¥ s = =
.

.

S8

i Jrd



protocols described in section 2.1.2.7.

3.1.1.3 Nucleotide Sequence Variation in Individuals from Southwestern

Ontario and Dogrib Individuals

Nucleotide sequence variation among the Adh2 exon 3 sequences of a
sample of 28 individuals from Southwestern Ontario and 37 Dogrib individuals
was ultimately described throughn the use of direct DNA sequencing of the PCR-
amplified fragments containing the exon sequence. The complete Adh2 exon 3
sequence is given in Figure 3. The exon 3 sequences from 26 individuals from
Southwestern Ontario were identical to the nucleotide sequence of B1, the
‘typical’ allele of the Adh2 locus (Figure 6; Jornvall et al., 1984; Xu et al., 1988).
One subject from Southwestern Ontario (individual 29) was homozygous for (ne
B2, 'atypical' allele sequence at exon 3. Tra nucleotide sequence 82 differs from
that of the 87 by a single nucleotide substitution at the second nuclectide position
of codon 47. One individual of the Southwestern Ontario sample (individual 27)
was heterozygous at the Adh2 locus and possessed both the 87 and 82 alleles
(Figure 6). The difference between the alleles was identified due to the presence
of two bands at the same horizontal position in a single set of sequencing
reactions. The DNA sequence information was used to interpret the SSCP
banding patterns (section 3.1.1.2) as follows: Pattern A is consistent with the
presence of 8781 alleles, Pattern B with the presence of 8282 and Pattern C with
the heterozygous condition, 8782. DNA sequence information for the exon 3 of
the Adh2 gene for each of the 37 Dogrib individuals indicates that they are all
homozygous for the 817 aliele. No novel or intra-alielic nucleotide sequence
veriation was detected at the Adh2 exon 3 among the individuals screened in this

analysis.



Figure 6. The direct sequencing of the PCR-amplified third exon of the Adh2
locus. The same region of the sequence is shown following 2 hrs (atoc) and 5
hrs (d and e) of electrophoresis. The four dideoxynucleotide termination
reactions are labelled at the op of each lane (C, T, A and G for ddCTP, ddTTP,
ddATP and ddGTP, respectively). a) The exon sequence derived from an
individual who was heterozygous at this locus and possessed both the "typical”
B71 and "atypical” B2 alleles. b) and ¢) The exon sequence from individuals who
were homozygous for the “typical" 81 allele. The heterozygous position is
marked with an arrowhead. The two alleles differ by only one point mutation
(G:C to A:T transition) and thus the heterozygous nucleotide position resulted in
two bands occurring at the same horizontal position in two lanes (G and A) of the

single set of sequencing reactions.






Duplicate DNA sequence information was obtained using another primer
(P1) in order to assess the reliability of the sequencing results. Sequencing was
considered reliable after sequencing using primer P1 and only four samples for
the following reasons. Preliminary sequence irformation obtained using the
second primer (P1) had not revealed any inconsistencies in sequence information
obtained using the primer P2. The results of the SSCP analysis were consistent
with the sequence information derived from the use of one sequencing primer.
No heteroduplex formation was observed that would otherwise have indicated
heterozygosity in the PCR fragment not detected upon sequencing with only one
primer.

It should be noted that sequence information was obtained within three
nucteotides of the sequencing primer (Figure 3). Thus, the total number of
nucleotide positions analyzed for sequence variation in a single allele were 147,
of which the exon sequence comprised 129 nts. Thus, this study examines a
total of 147 nucleotides at the Adh2 locus in each of 65 diploid individuals from
two different populations (28 individuals from Southwestern Ontario and 37
Dogrib individuals). This represents a screening of a total of 19,110 iwucleotides.
The only variants observed are consistent with the existence of the well known

alleles of this locus.

3.1.2 The Second Exon of the HLA-DQB1 Locus

3.1.2.1 PCR-Amplification

A region of the second exon of the human leukocyte antigen locus HLA-

DQB1 was PCR-amplified from genomic DNA of 25 individuals from

Southwestern Ontario and 26 Dogrib individuals. The samples were selected
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randomly for this analysis. Sequence information was obtained in duplicate for all
samples examined. Figure 7 contains a known representative nucleotide
sequence of the second exon of the HLA-DQB1 locus {(Bodmer et al., 1994) and
indicates the positions of the PCR primers P3 and P4 bordering this exon
sequence. The second exon of HLA-DQB81 includes codons 6 to 85. The PCR-
amplified region of the second exon includes codons 13 to 78. In all of the
samples selected for analysis of nucleotide sequence variation, amplification of
HLA-DQB1 exon 2 using P3 and P4 produced a single fragment of the expected
length of 240 nts (Figure 8).

A 237-nucleotide region of the pseudogene HLA-DQB2 1s known to
coamplify with the amplification of the second exon of the HLA-DQ#B1 using the
primer set P3 and P4 (Trucco et al., 1989). The agarose and polyacrylamide gel
electrophoresis conditions used in this analysis were not sensitive enough to
detect the presence of the homologous region of the pseudogene as it differs in
length from the HLA-DQB1 exon 2 by a three-base pair deletion of the third
position of codon 58 and the first and second codon positions of codon 59.
SSCP protocols (section 2.1.2.7) were used to determine crudely the number of
single-strand conformers produced by purified PCR fragments in eight samples.
The presence of more than four single-strand conformers was taken as evidence
of the presence of a contaminant in the PCR reaction, probably a region of the
pseudogene HLA-DQB2. Preliminary sequencing reactions usiig contaminated
PCR templates readily displayed the presence of the shorter pseudogene
template. The coamplification of the highly homologous pseudogene locus HLA-
DQB2 in this study was eliminated by using the Alu | restriction digestion of
genomic DNA and the primary PCR product. Alu | restriction sites are not within
the second excn of the HLA-DQB1 gene.

PCR amplification of the HLA-DQB1 second exon also produced primer



Figure 7. The second exon of the human leukocyte antigen locus HLA-
DQB81. The amino acid encoding nucleotide sequence is presented in the 5'to 3'
orientation. The oligonucleotide primers P3 and P4 were used to ampilify the
exon. The exon sequence is written in triplets, the primers used for PCR
amplification are in boid print. P4’ represents the compiementary sequence to
P4, the actual primer. Both P3 and P4 were used as primers in the direct

sequencing of amplified exon sequences.



P3

AT TTC GTG TAC CAG TTT AAG GGC CTG TGC TAC

ACG GAG CGC GTG CGG GGT GTG ACC AGA CAC ATC

GAG TAC GTG CGC TTC GAC AGC GAC GTG GGG GTG

ACG CCG CAG GGG CGG CCT GTT GCC GAG TAC TGG

GAA GTC CTG GAG GGG GCC CGG GCG TCG GTG GAC

CAC AAC TAC GAG GTG G

P4’

1TC ACC AAC GGG

TAT AAC CGA GAG

TAC CGG GCA GTG

AAC AGC CAG AAG

AGG GTG TGC AGA

74



Figure 8. (a) A representative set of PCR-amplified fragments (240 nts) of the
second exon of the HLA-DQB1 locus (lanes A to F). The exon was amplified
from the genomic DNA of a randon. sample of individuals from Scuthwestern
Ontario and the Northwest Territories. The fragments in (b) were purified from
the reactants and artifacts of the PCR reaction (lanes A to F). In both (a) and (b)
fragments were electrophoresed through a 2.0% agarose gel. The size of the
fragment was calculated using the molecular size marker (M; 1 kb lzduer, Life

Technologies) as a standard.
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and product artifacts necessitating the use of extensive purification protc cols
(section 2.1.2.6). Primer artifacts included primer-dimer formation and
concatemers of primer sequences. Product artifacts were identified by their
presence in preliminary DNA sequencing reactions and were the result of the
formation of hairpin structures n single-stranded conformers of the PCR product
during the PCR reaction. The hairpin structures created new priming sites in
subsequent rounds of amplification in PCR reactions. Longer PCR products
were produced that comigrated with double stranded molecular size standards of
approximately 500 nts.

Heteroduplex formation was a frequent occurrence among the PCR
products and was seen as a doublet banding pattern upon electrophoresis in 8%
polyacrylamide gels (Figure 9a). The homoduplex migrated to a position
consistent with the length of the double stranded DNA (240 bp). The
heteroduplex which contained mismatches and bulges in the DNA duplex
migrated at a slightly slower rate than the homoduplex form of the PCR product.
The presence of heteroduplex formation was interpreted as representing the
heterozygous condition of the amplified region.

Preliminary SSCP analysis of eight purified PCR reactions revealed seven
uniqgue SSCP pattern types (three pattern types are shown in Figure 9b). SSCP
analyses were not pursued as the limitations of the SSCP protocols employed in
this analysis offered poor resolution of the single-strand conformers of this exon
sequence and the limitations of the SSCP technique, in comparison with
sequencing techniques, are well documented (Sarkar et al., 1992). As a result,
all nucleotide sequence variation was identified using the direct sequencing of the

PCR-amplified second exon of the HLA-DQB1 locus.

T



Figure 9. (a) A representative set of homo- and heteroduplex conformers of
the PCR-amplified fragments (240 nts) of the second exon of the HLA-DQB1
locus. The exon was amplified from the genomic DNA cf a random sample of
individuals from Southwestern Ontario and the Northwest Territories. The
doublet band pattern in lanes A to D is interpreted as resulting from
heterozygosity at this exon sequence. Annealing of the compiementary DNA
single strands from two different alleles forms an imperfect double-stranded
heteroduplex. The heteroduplex conformer of the double-stranded DNA migrates
slower than the homoduplex form.

In (b) lanes 1,3, 8 and 9 contained nondenatured PCR-amplified
fragments of this exon (ds, double-stranded DNA). These PCR fragments were
meited and the migration of the single-stranded conformers was examined in
lanes 4 to 7. Three different single-strand conformation polymorphism (SSCP)
pattern-types were observed (labeled D, E and F). DNA was visualized using y-
[32P)-ATP end labeling. The fragments in (a) and (b) had been purified from the
reactants and artifacts of the F "R reaction and were electrophoresed through an
8% polyacrylamide gel. The size of the fragment was calculated using the

molecular size marker (M; 1 kb ladder, Life Technologies) as a standard.
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3.1.2.2 Nucleotide Sequence Variation in Individuals From Southwestern

Ontario

The nucleotide sequence of a region of the second exon of the HLA-DQB1
locus was determined for 25 individuals of Southwestern Ontario using the
technigues of PCR amplification and direct dideoxynucleotide DNA sequencing of
the PCR products. Representative examples of the sequence information
obtained are given in Figure 10. It is apparent from these data that most
individuals are heterogeneous with bands occurring at the same horizontal
position in two lanes of a set of sequencing reactions. Such results are expected
since the two alleles were not separated prior to sequencing. Seguence
information was obtained in duplicate for each sample using both of the PCR
primers P3 and P4. The complete sequence information for all individuals is
contained in Figure 11. The nucleotide sequences were compared with the 26
known aliele sequences at this exon (Appendix 1) in order to interpret the alleles
possessed by each individual. The first digit of the numeric designations for the
alleles indicates the allele subtype. Given that the sequencing protocol wa. ot
preceded by the isolation of the two alleles in heterozygous individuals, it is not
possible to present the individual allele sequences and to identify directly the
sequence variability inherent to each allele. As well, these techniques do not
permit determination of the phase of muitiple novel mutations (i.e., which allele
contains each novel mutation). Such determinations can only be made following
the separation of the two alleles and the determination of each nucleotide
sequence. The observed sequence variation were attributed to the existence of

known allele sequences without introducing any novel sequence differences.

The alleles at the HLA-DQB1 locus in the sample of 25 individuals from




Figure 10. The direct sequencing of the PCR-amplified second exon of the
HLA-DQB1 locus. The four dideoxynucleotide termination reactions are labeled
at the top of each lane (C, T, A and G for ddCTP, ddTTP, ddATP ana ddGTP,
respectively). Panels a) and b) show the nature of the results for sequence
differences among individuals and heterozygosity within a single individual. In a)
three positions that differed among five different individuals are marked with
arrowheads. At position 1 the nucleotides are G, G/A, G/A, A and G, in
individuals 1 to 5 respectively. At position 2 the nucleotides are C, C/T C/T, C
and C. At position 3 the nucieotides are C, C, C/T C and C. In b) the position

labeled 4 contains C, A, and C/A in individuals 1 to 3, respectively.






Figure 1i. An alignment of the nucleotide sequences found in a large region of
the second exon of the HLA-DQB1 locus in a sample of 25 individuals from
Southwestern Ontario. The allele designations for the nucleotide sequences are
listed to the left of each sequence. The alleles 201 and 202 do not differ in the
region examined in this analysis and are thus considered as a single allele
201/202. The primer sites used in the PCR amplification of this region of HLA-
DQB1 exon 2 are located imr ediately 5' and 3', respectively of the sequence
presented. Nucleotides are identified at those positions where differences
occurred in comparison with allele 501, a standard commonly used for

comparison. A dash is used to indicate no difference from allele 501
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Southwestern Ontario are listed in Table 8. Individuals 17, 18, 19 and 21 wer2
related to another member of the study and were not included in analysis of the
extent or nature of the genetic variation in the sample of individuals from
Southwestern Ontario. It should be noted that alleles 201 and 202 are identical
at the region of the second uxon examined in this study and are thus considered
as a single atlele 201/202. There were 10U cases of homozygosity armong the 21
unrelated individuals and the theoretical heterozygosity (Hamrick and Allard,
1972; Nei, 1975) calculated from the observed genotypes was 0.78. Twelve
different alleles exist among this group of individuals. The alleles were of the five
known subtypes and ranged in frequency from 0.02 to 0.36 (Table 8). The pairs
of alleles observed in the 13 unique genotypes differed significaritly from that
expected of a random association of the alleles (p<0.01). All observed sequence
variation was compatible with the sequences of existing alleles of the HLA-DQB81
locus and no intra-allelic nucleotide substitutions (i.e., no additional sequence
differences from those known to exist for alleles identified previously) were
observed in this analysis.

Of 197 nucleotide positions of the PCR-amplified regions 44 were variable
among the different alleles observed. At the 44 variable sites, nucleotide
substitutions are equally frequent at second and third codon positions (39%) and
are only slightly less frequent at the first codon position (23%). Amino acid
replacement occurred at 71% of the nucleotide sites with substitutions. At the 22
amino acid replacement sites amotig the alleles there are 10 conservative and 34
nonconservative amino acid replacements. Transversions are only slightly more
frequent than transitions (52% and 48%, respectively). At CpG sites, the
frequency of transitions and transversions does not differ significantly givan the
relative frequencies of all possible transition and transversion events (p<0.01).

The variable sites were compatible with the existence of known allele sequences
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Tabla 8. A summary of the alleles determined to exist at the HLADQB7 locus in
a random sample of 25 individuals of Southwestern Ontario. The aliele
designations were based on the nucleotide sequencing of a region of the second

exon of the HLADQB1 locus in each individual.



Southwestern Ontario

HLA-DQB1 Second Exon

Individual No. Allele Allele

1 201/202 5031

2 501 501

3 201/202 201/202
4 201/202 502

5 602 603

6 602 602

7 201/202 201/202
9 402 402

12 201/202 602

13 3032 602

14 201/202 602

15 301 602
17* 201/202 602
18* 301 602
19* 201/202 602

20 201/202 602

21" 201/202 602

23 201/202 602

24 201/202 201/202
25 302 3032
28 602 602

29 501 501

30 6012 6012

31 201/202 6011

32 201/202 201/202

* an individual related to another sample member(s)
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Table 9. The frequencies of 12 alleles at the HLA-DQ#B1 locus identified in a
sample of 25 individuals from Southwestern Ontario. Twenty-one of the
individuals represent a random sample of unrelated individuals (corrected). The
alleles were identified from PCR amplification and direct nucleotide sequence

determination of a region of the second exon of the HLA-DQB1 locus.



HLA-DQB1 Locus in Individuals of Southwestern Ontario

Allele Allele Frequency
N=25 N =21
(corrected)

201/202 0.36 0.36
301 0.04 0.02
302 0.02 0.02
3032 0.04 0.05
402 0.04 0.05
501 0.08 0.10
502 0.02 0.02
5031 0.02 0.02
6011 0.02 0.02
6012 0.04 0.05
602 0.30 0.26

603 0.02 0.02




and the absence of any novel or intra-allelic variability.

3.1.2.3 Nucleotide Sequence Variation in a Sample of Dogrib Individuals

The nucleotide sequence of a region of the second exon of the HLA-
DQB81 locus was determined for 26 Dogrib individuals using the techniques of
PCR amplification and direct dideoxynucleotide DNA sequencing. Sequence
information was obtained in both directions for each sample using the PCR
primers P3 and P4 (Figure 7). The sequence determined for each Dogrib
individual is contained in Figure 12. Twenty-two of 26 individuals show
heterozygosity in this genomic region. These individuals show two bands at the
same horizontal position in a single set of sequencing reactions at a number of
positions in the sequence. The observed sequence variation can be attributed to
the existence of known allele sequences without introducing any novel sequence
differences. The alleles at the HLA-DQB81 locus for the 26 Dogrib individuals
surveyed are listed in Table 10. Alleles were assigned following comparison of
sequence information with the 26 known alleles at this locus given in Appendix 1.
Alleles 201 and 202 are identical in the sequenced gene region but differ in in
other regions of the gene. Eight different alleles of three different subtypes exist
among this group of individuals. There ware four cases of homozygosity among
the 26 individuals and the theoretical heterozygosity caiculated from the observed
genotypes was 0.82 The frequencies of the eight alleles observed in this
population ranged in frequency from 0.02 to 0.29 (Table 11). The pairs of alleles
observed in the form of 12 unique genotypes did not differ significantly from that
expected of a random association of the alleles (p<0.01).

Alignment of the different allele sequences a! this exon revealed that 29

of 197 nucleotide positions contain single nucleotide substitutions. Transversions
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-

Figure 12. An alignment of the nucleotide sequences determined from
examination of a large region of the secona exon of the HLA-DQB1 locus in a
sample of 25 individuals from Southwestern Ontario. The allele designations for
the nucleotide sequences are listed to the left of each sequence. The primer
sites used in the PCR amplification of this region of HLA-DQB81 exon 2 are in
bold print. Nucleotides are identified at those positions where differences occur
in comparison with the allele 501. A dash is used to indicate no difference from
allele 501.
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Table 10. A summary of the alleles determined to exist at the HLADQAB17 locus in

a random sample of 26 Dogrib individuals. The alleles were identified from

determination of the nucleotide sequence of a large region of the second exon of
the HLADQB1 locus in each individual.
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Dogrib Individual HLA-DQB1 Second Exon

No. Allele Allele
33 402 5031
36 301 402
37 402 402
38 301 5031
40 301 5031
41 302 402
42 301 401
44 301 5031
45 302 402
46 5031 5031
47 301 402
49 301 5031
51 301 3032
52 302 3032
57 301 3032
58 5031 5031
59 301 304
60 301 402
61 301 3032
63 3031 402
64" 301 402
65 402 402
67 302 5031
68 302 402
69 301 402
70 301 402

* sequence information derived from sequencing
in one direction only



Table 11.  The frequencies of eight alleles identified in 25 Dogrib individuals
from determination of the nucleotide sequences of a large region of the second
exon of the HLA-DQ#B1 locus.




HLA-DQB1 Locus in Dogrib Individuals

Allele Frequency
301 0.29
302 0.09
3031 0.02
3032 0.08
304 0.02
401 0.02
402 0.29
5031 0.19
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were only slightly more frequent than transitions (54 and 45%, respectively). The
pattern of nucleotide substitution at CpG sites did not differ significantly from that
expected, given the ratio of four transversion events to two transition events
(r<0.01). Nucleotide substitutions were most frequent at the second position of
codons (44%). Substitutions at the first and third positions of codons were
equally frequent (28%). Seventy-two percent of the nucleotide substitutions
among the alleles resulted in amino acid replacements. Of 79 amino acid sites
examined 21 contain amino acid replacements among the alleles present in the
Dogrib sample. At these 21 sites there are eight conservative and 19
nonconservative amino acid replacements. It is possible to attribute all of the
differences among the nucleotide sequences obtained in the Dogrib individuals to
nucleotide variation known to exist among the alleles at the HLA-DQB1 locus and
thus it was concluded that no intra-allelic nucleotide substitutions were observed
in this analysis.

The total number of nucleotide positions analyzed for sequence variation
in a single allele were 197. The survey examines a total of 197 nucleotides of the
second exon of HLA-DQB87 locus in each of 51 diploid individuals from two
different populations. This represents a screening of a total of 20,094
nucleotides. The variation observed is consistent with the existence of previously

known alleles of this locus.

3.2 COMPUTER ANALYSES OF NUCLEOTIDE SEQUENCE
ORGANIZATION AND VARIATION

3.2.1 Short-Sequence Representation in a Single Exon and The Complete
cDNA Sequence of Adh2 and DQB81 Loci
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The nucleotide sequence organization of the third exon of the human
Adh2 locus (81 allele) and the second exon of the HLA-DQB1 locus was
described in terms of single nucleotide, dinucleotide and trinucleotide
composition. The Adh2 exon 3 (81 allele) sequence was composed of equivalent
frequencies of the four nucleotides (p<0.01) but biases existed in dinucleotide
and trinucleotide composition. The dinucleotide and its strand-symmetric partner,
TG/CA were significantly over-represented (pxy=>1.23) while CG/GC and TA
showed significant under-representation (pxXy<0.78). Representatio:. of
trinucleotiaes ranged from yXy = 0.29 to 1.59. The trinucleotides ATT/AAT and
GCC/IGGC were the two extremes in over-representation and ATA/TAT and
TTG/CAA were the two extremes in under-representation.

Description of the nucleotide sequence organization at the second exon
of the HLA-DQB81 locus involved examination of each of the 26 known allele
sequences. The %G+C content of the sequences ranged from 59.2 t0 62.9. The
various allele sequences did not differ significantly in single nucleotide
composition (p<0.01). All of the alleles tended to have a bias in single nucleotide
frequencies with ari over-representation of guanine (%G of 36) and an under-
representation of thymine in all of the allele sequences (%7 of 18). Biases in
dinucleotide composition were significant in alleles 501 to 504 and 6051 to 606
(p<0.05). The dinucleotide and its strand symmetric partner GT/AC were over-
represented significantly (p)y>1.23) in all but alleles 201/202. Dinucleotides TA,
GC, AT and TT/AA were under-represented significantly in at least one of the 26
alleles (pxy<0.78). Spearman rank-order correlation coefficients, rg were used
as similarity coefficients to describe the similarities in dinucleotide composition
among the 26 known alleles. Alleles 201/202 uiffered in dinucleotide composition
in comparisons with certain other alleles (rs = 0.29 to 0.73 for comparisons of

201/202 with all other alleles). All other allieles had similar dinucleotide
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compositions (rs = 0.54 to 0.95). Representation of trinucleotides (yxyZz) ranged
from 0.54 to 1.87. Those trinucleotides representing the extremes in over-
representation were AAT/ATT, TAG/CTA, GCA/TGC, TTT/AAA, CAT/ATG,
TTG/CCA, TGA/TCA and GAT/ATC. The two most under-represented
trinucleotides in the 26 allele sequences included AAG/CTT, CCA/TGG,
TTA/TAA, GCT/AGC, CGA/TCG, GAA/TTC, TCC/IGGA, GTT/AAC and
CGC/GCG. Similarities in dinucleotide and trinucleotide composition were
greater within allele subtypes than between different subtypes.

Dinucieotide and trinucleotide representation at the Adh2 third exon (81
allele) and the HLA-DQB1 second exon (26 alleles) were compared using the
Spearman rank-order correlation coefficient. Dinucleotide representation in th:
exons cf the two different genes differed significantly (rs = 0.05 to 0.54) except in
the case of the Adh2 exon 3 and alieles 201/202 of HLA-DQB1 where rg was
0.70. No significant correlation exists in trinucleotide representation values for
the exon sequences of the two different genes (rs = -0.35 to 0.35). The Adh exon
3 ar? HLA-DQB1 exon 2 possess different short-sequence compositions.

The nucleotide sequence organization of the third exon of the human
Adh2 locus was compared with the full iength cDNA sequence of this human
gene. The cDNA sequence was composed of equivalent frequencies of the four
nucleotides (p<0.01). Significant biases in dinuclectide representation in the
cDNA included the over-representation of TG/CA and CC/GG and the under-
representation of CG and TA. Four extremes in trinucleotide representation were
CGC/GCG, TTG/CAA, AAA/TTT and TCG/CGA (yXYz = 0.74, 0.77, 1.33 and
1.22, respectively). The dinucleotide representations of the exon and the full
length cDNA sequence were similar (rg = 0.68) but differences in trinucleotide
representation were evident (rs = 0.24).

The nucleotide sequence organization of the second exon of the HLA-
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3.22 Graphic Portrayal and Measurement of Short-Sequence

Representation

The examination of the sequence organization at an exon and the
complete cDNA sequences of Adh2 and DQB1 loci revealed interesting
similarities and differences. The examination of sequence organization of
numerous and much larger sequences necessitated the use of a graphic
portrayal of sequence structure. Chaos game representation was selected for
use in this study, but due to its novelty and limited application, it was initially
applied to the examination of computer-generated sequerces with known and
simple structures. These preliminary analyses formed the basis for comparisons
of the complexity presented by chaos patterns of naturally-occurring DNA
sequences.

Chaos game representation has been used to portray the nucleotide
sequence Jrganization of large biological DNA sequences, but the major
sequence determinants of the nonrandom distribution of data points in chaos
patterns are generally not known. In this study, computer-generated sequences
having known and simple structures were used to identify the major determinants
of data point distribution in chaos plots. Sequences were constructed to differ in
single nucleotide composition. Al of the computer-generated sequences were
16,295 nts in length and the nucleotides were ordered randomly. The differences
in the data point distribution of chaos plots generated by these sequences were
compared with a sequence having an identical length, a random order of
nucleotides and equivalent frequencies of the four nucleotides. A random order
and equivalent frequencies of the four nucleotides produced a uniform distribution

of data points within the chaos plot. The under-representation of a single
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nucleotide relative to the other three nucleotides produced decreased data point
frequency in regions of the chaos piot representing that nucleotide. Under-
representation of adenine (17 %) and equivalent frequencies of the other three
nuclectides produced low data point density in regions of the plot near the vertex
representing adenine (Figure 13a). Over-representation of cytosine (80%) and
equivalent frequencies of the other three nucleotides resulted in increased data
point density towards the C vertex (Figure 13b). Under-representation of adenine
and thymine (20%) produced horizontal striations in the chaos pattern with
increased data point density towards the axis joining C and G vertices (Figure
13c). Over-representation of two nucleotides at diagonally opposed vertices
produced increased data point density along the diagonal line joining the two
vertices of the over-represented nucleotides (in Figure 13d, the frequency of A
and G is 80% and that of C and T is 20%). The nature and extent of departures
from equivalent nucleotide frequencies and random associations of nucleotides
were portrayed by the data point distribution of chaos patterns. Biases in single
nucleotide frequencies produced patterns in data point distribution in chaos plots
that were readily recognized and interpreted in terms of single nucleotide
composition from a visual examination of chaos patterns.

Self-similarity was evident in each of the chaos patterns produced by the
computer-generated sequences (Figure 13). It should be noted that in all chaos
patterns the major features of data point distribution in the entire plot are
repeated in subquadrants of the plot. For a given nucleotide, or oligonucleotide
that was in high or low frequency, subsequences of successively longer length
ending in that nucleotide or oligonucleotide were also in high or low frequency. In
the chaos pattern this was seen as high or low data point frequency in smalier
and smalier subquadrants that represented longer and longer subsequences

ending in that nucleotide or dinucleotide. Self-similarity occurs as a result of plot
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Figure 13. Chaos game representation of computer-generated nucleotide

sequences having known and simple structures. All sequences were 16,295 nts
in length and the nucleotides were ordered randomly. a) Adenine was under-
represented (10%) and there were equivalent frequencies of the other three
nucleotides. b) Cytosine was over-represented (80%) and the other three
nucleotides had equivalent frequencies. c) Adenine and thymine were under-
represented (20%) relative to cytosine and guanine and each pair of nuclec s
had equivalent frequencies. d) Adenine and yuanine were under-represented
(80%) relative to cytosine and thymine and each pair of nucleotides had

equivalent frequencies.
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construction and is thus inherent to ali chaos patterns. The features of the entire
chaos pattern that are repeated in subquadrants of the plot are important
because they are characteristic of the structure of the DNA sequence being
plotted. Self-similarity produces a repetition of patterns in data point distribution
that assists the visual recognition and interpretation of chaos patterns.

Biases in single nucleotides were used to interpret the effect of biases in
dinucleotides and longer subsequences. In the computer-generated sequence, a
deficiency in a single nucleotide produced deficiencies in subsequences of all
lengths that contained that nucleotide. Biases in the frequencies of single
nucleotides and oligonucleotides have a more pronounced effect on data point
distribution in the chaos plot than do biases in frequencies of longer
subsequences. The occurrence of single nucleotides and oligonucleotides are
represented by larger subquadrant areas in the chaos plot. It is important to note
that there is no single determinant of chaos patterns but rather the major
determinants of data point distribution are nonequivalent single nucleotide
frequencies and/or nonrandom occurrences of oligonucleotides arnd thus are
DNA sequence dependent. The major determinant of data point distribution in
any chaos pattern is the shortest subsequence at which nonrandomness in
composition occurs. The ease with which biases in long subsequence
composition can be identified visually from chaos patterns depends upon the
degree to which the sequence has biases in the frequencies of shorter
subsequences. Thus, chaos representation is best suited, but not limited to, the
portrayal of short-sequence representation since shorter sequences are
represented by larger areas of the chaos plot.

Visuai assessment of data point distribution in chaos plots is subjective
and mathematical characterization of the total distribution of data points in chaos

plots is lacking. Deviation of sequence structure from a random order of
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nucleotides can be quantified partially through an analysis of data point frequency
in larger subquadrants (i.e., measurament of short-sequence representation). An
objective and quantitative measure of nonrandom sequence organization is the
calculation of strand-symmetric relative abundance of subsequences (Burge et
al., 1992) seen in chaos patterns as a nonrandom distribution of data points
among subquadrants of a chaos piot representing subsequences of similar

length.

3.23 Short-Sequence Representation in Adh cDNAs of Phylogenetically

Divergent Species

Chaos patterns were generated for 29 cDNA sequences representing
Adh coding regions from phylogenetically divergent species (sequences are
identified in Table 2). A sample of 12 such plots is given in Figure 14. A visual
evaluation of the 29 chaos patterns was subjective but identified major similarities
and distinctions. All of the chaos patterns appeared to have a nonuniform
distribution of data points. The two iron-binding sequences had distinct chaos
patterns. The three Drosophila chaos patterns were almost identical. The
patterns for the different Adh genes of yeast were each distinct. The three potato
sequences (Adh1, Adh2 and Adh3 coding sequences) had nearly identical
patterns. All of the human and the baboon chaos patterns were almost
superimposable, whereas mouse and rat chaos patterns had regional similarities.
A sparseness of CG dinucleotides was particularly evident in the chaos patterns
of human and baboon cDNAs. In general, only Adh coding sequences of the
same species or those of closely related species produced recognizable
similarities. A consistent feature in all of the chaos plots that was characteristic of

the Adh cDNAs of diverse species was not identified.
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Dinucleotide composition of 12 representative sequences was
determined from calculatior: of the percentage of nucleotides plotted in each of
the 16 subquadrants of the chaos plots given in Figure 14 (Table 12). Data
points among the 16 subquadrants of Adh chaos patterns were not uniformly
distributed. The relative low frequency of the CG dinucleotides and high
frequency of TG dinucleotides was evident, particularly in human and baboon
sequences. Further, there was a relative low frequency of TA dinucleotides in all
cDNA sequences. In general, the dinucleotide compositions of mammalian and
plant sequences were not significantly different from one another, whereas
bacteria, yeast and Drosophila sequences showed significant differences in the
frequencies of the dinucleotides. There was no correlation between distance
measures based on dinucleotide frequencies and the distanne estimates based
upon codon usage (r = 0.39). Distance measures based upon dinucleotide
frequencies and multiple sequence alignment were aiso not correlated (r = 0.06).

A visual comparison of chaos plots containing fewer than 4000 data
points proved difficuit. A more objective comparison of data point distribution in
ch ;s plots was achieved through use of contour plots of chaos patterns. Kernel
density estimation was used to draw contour lines around regions of the chaos
plot that contained similar data point densities. The contour plots of chaos
patterns generated by Adh c[DNAs were different for different species (Figure 15).
Some similarities among chaos patterns exist within human, primate, rodent and
monocot plant groups. Generally, the chaos patterns of mammalian sequences
were similar to one another. The Adh genes for more distantly related species
had extensive homologies yet generated different chaos patterns. Such resuits
did not follow the expectation that the chaos patterns of cDNAs might possess
visually discernible features characteristic of the polypeptide for which they code.

The major features of the chaos patterns and contour plots do not appes: to be
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Table 12. The percentage of each dinucleotide determined for 12

representative Adh cDNA sequences. The chaos patterns for the sequences are
presented in Figure 14 and the identity of nucleotide sequences is presented in
Table 2.
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Figure 15. Contour plots for chaos patterns for 12 Adh cDNA sequences from

phylogenetically divergent species. The contour plots are contained on two

pages.
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gene-specific. The predominant features of chaos patterns represent biases in
dinucleotide composition. This feature of nucleotide sequence organization
appears to indicate a genome-type specificity in nucleotide sequence

organization.

324 Short-Sequence Representation in Two Different Human Multigene

Families

Human globin genes contained within a known 73 kb continuous stretch
of DNA sequence information generated chaos patterns that were similar to those
of human Adh genes. Figure 16 (a to e) contains five representative chaos plots
of globin coding sequences and a composite plot of seven globin cDNAs
superimposed upon one another (Figure 16f). The chaos patterns generated
from individual human globin cDNA sequences (roughly 280 nts) were similar to
the chaos patterns of the entire human globin gene complex that contained both
coding and noncoding sequences (73,357 nts; Jeffrey, 1990). There was a
sparseness of data points in the CG subquadrant and in the upper left portion of
the GC subquadrant (i.e., where the subsequences plotted end in the
trinucleotide CGC). This feature of a chaos pattern has been described as the
"double scoop” (Jeffrey, 1990). There was a sparseness of data points along the
horizontal midline of the chaos patterns, where the "double scoop” was repeated
in both the A and T quadrants (i.e., where the subsequences plotted ended in the
trinucleotides CGA and CGT). Also there was a paucity of data points in the TA
subquadrant and a dense collection of points in the TG subquadrant. These
features were also discernible in the composite plot containing roughly 2000 data
points. The self-similarity that was characteristic of the chaos plot of the entire

human globin gene complex (Jeffrey, 1990) was not a readily apparent feature in

118



Figure 16. Chaos patterns for five of seven coding sequences (each roughly

280 nts) found within the human globin gene complex (a, Ay; b, B; ¢ d; d, ; e,
Gy). The sixth plot (f) represents a composite of the seven globin cDNA chaos

plots superimposed upon one another.
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chaos patterns of only 2000 nts.

Significantly different frequencies of the 16 dinucleotides (p<0.05)
contributed to the nonuniform data point distribution seen in the chaos patterns of
the coding regions (Figure 17) and the entire complex of globin genes (Jeffrey,
1990). It was evident in Figure 18 that the globin coding sequences had a
relatively low frequency of CG and TA dinucleotides and a high occurrence of TG
dinucleotides. The dinucleotide compositions of the seven globin coding
sequences did not differ significantly (a heterogeneity x2 test, p<0.05), which
may account for the similarities in chaos patterns. The contour plots of A-y, B and
e globin cDNAs are given in Figure 18a. Overall the plots were similar but each
plot could be distinguished visually from the other two. Contour plots of human
globin chaos patterns were also compared with plots generated by human Adh
cDNAs (Figure 18). It was evident that each contour plot was distinct and the
plots of one gene family were more similar relative to one another than they were
to the piots of the other gene family. The overall number, shape and position of
contours in both gene families were strikingly similar. The major determinants of
the contour lines in all of the chaos plots were the under-representation of CG
and TA dinucleotides and the over-representation of the TG dinucleotide.
Despite the fact that these two gene families are not homologous, they have

similar biases in short-sequence composition.

3.2.5 Short-Sequence Representation in Large Continuous DNA

Sequences of Different Genomes

A visual comparison of chaos patterns, generated for 56 large DNA
sequences from 10 species, identified 6 different types of patterns. Rhodobacter
capsulatus, Escherichia coli, Saccharomyces cerevisiae, Caenorhabditis elegans,
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Figure 18. Contour plots of chaos patterns for a) three human globin cDNAs
and b) three human Adh cDNAs.
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Drosophila melanogaster and mammalian genomes each had a distinct global
sequence organization as assessed by visual examination of major features of
data point distribution in two-dimensional chaos patterns (Figure 19). Sequence
organization was examined in more than one region of E. coli, S. cerevisiae, C.
elegans and H. sapiens genomes (Table 3). Different regions of the same
genome had a similar global structure defined as similar major features in data
point distribution in two-dimensional chaos plots.

DNA sequences of R. capsulatus and E. coli genomes have distinct chaos
patterns (Figure 19a and 19b, respectively) but both display a paucity of TA
dinucleotides, a feature shared by all genomes and both have a paucity of the
tetranucleotide CTAG. The chaos pattern generated by the single region of the
R. capsulatus genome (45,595 nts; Figure 19a) has increased data point density
towards the C and G axis of the plot and in particular towards the C vertex
representing nonequivalent single nucleotide frequencies (66% G+C and 33% C,
respectively). Subquadrants of this chaos plot representing TA dinucleotides and
CTAG and TTAG tetranucleotides contain few data points indicative of the rare
occurrence of these subsequences. Six different regions of the E. coli genome
(Table 3) each have a chaos pattern that is uniformly filled with data points
except for a paucity of data points in subquadrants representing the occurrence
of TA and CTAG subsequences (representative patterns, Figure 19b and 19¢).

Chaos patterns of 25 different regions of the C. elegans genome were
similar. A representative chaos pattern for these sequences (Figure 19d) has a
high data point density between A and G vertices and between C and T vertices.
Data point density also increases towards the A and T axis. The DNA sequence
organization in the C. elegans genome as portrayed in chaos patterns appears to
be unique among the species’ genomes examined in this investigation.

The two-dimensional chaos scatter plot of the complete Saccharomyces
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Figure 18. Representative chaos patterns of large continuous DNA sequences
(>36,000 nts) from the genomes of phylogenetically divergent species.
Rhodobacter capsulatus a) RCPHSYNG, 45,959 nts; Eschericii coli b)
ECO110K, 111,401 nts and ¢) ECOUWSS5U, 91,408 nts; Caenorhabditus elega:.
d) CELCOBC3 44,025 nts; Saccharomyces cerevisiae e) YSCCHRIII, 315,357
nts and f) YSCCHROMI, 41,987 nts; Drosophila melanogaster g) DROABDB, 80,
423 nts; Rattus norvegicus h) RATCRYG 54,670 nts and Homo sapiens i)
HUMRETBLAS, 180,388 nts.
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cerevisiae chromosome Il DNA sequencze (315,357 nts) has horizontal striations
and increasing data point density towards the A and T axis of the plot (Figure
19e). These features reflect the near equivalent frequencies of adenine (31%)
and thymine (30%) and a high A+T content. Diagonal lines joining A and G and
T and C vertices of the plot represent a preponderance of purines in some
regions of the chromosome sequence and pyrimidines in other regions,
respectively. Evident from the variation in data point frequency in different
subquadrants containing different dinucleotides is the higher frequency of TT, AA,
CA and TG and lower frequency of TA and CG dinucleotides. Similar chaos
patterns were generated by 3 other regions of the S. cerevisiae genome including
the centromeric region (41,987 nts) of chromosome | (Figure 19f).

The Abdominal-B gene region (80,423 nts) of the D. melanogaster
genome has a unique chaos pattern that is relatively filled with data points in
comparison with other chaos patterns. Data point density is increased towards
the A and T axis and in particular towards the A and T vertices (Figure 19g).
Only a single large region (>36,000 nts) of the Drosophila genome was available
for analysis and thus the general occurrence of this sequence structure in the
genome of this species cannot be evaluated.

The chaos pattern representative of mammalian sequences examined
thus far (Jeffrey, 1990; Hill et al., 1992), including the 15 sequences analyzed in
this study (Table 3) is characterized by a paucity of data points in subquadrants
of the plot that represent the occurrence of the CG dinucleotide (Figures 19h, rat
y-crystaliin gene and 19i, human retinoblastoma gene). The pattern also contains
dense accumulations of data points along diagonal lines joining A and T vertices
and T and C vertices.

Over- and under- representation of short subsequences such as all

dinucleotides and trinucleotides were determined for a representative sample of
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sequences from species encompassing a broad phylogenetic range (Table 13).
In general, the dinucleotide TA. appears to be deficient in all of the gencmes
examined and the CG dinucleotide is under-represented in S. cerevisiae and
mammalian genomes. The degree of nonrandomness in dinucleotide and
trinucleotide composition differs among the different speciec, with the greater
extremes in representation existing in sequences from mammalian species. This
was seen in chaos patterns as more uniform data point distribution in sequences
of nonmammalian genomes and the deficiericy of data points in subquadrants of
the chaos plots representing the occurrence of CG dinucleotides in mammalian
genomes.

Entropy is a measure of nonrandomness in sequence organization and is
defined as the degree of deviation from equivalent frequencies of single
nucleotides, dinucleotides and trinucleotides and successively longer
subsequences. In this investigation entropy was defined specifically as the
coefficient of variation (%) among strand-symmetric relative abundances (i.e.,
representation values) for same-length subsequences. Entropy values based
upon subsequence representation measure the degree of nonrandomness at
single nucleotide, dinucleotide and trinucleotide levels of sequence organization,
independently. Table 14 presents the coefficient of variation (%) for single
nucleotide frequencies and dinucleotide and trinucleotide representation values
for 17 sequences representative of the diverse genome-types examined. Entropy
profiles were generally similar within a genome-type with the exception of
sequences from the human genome which displayed two different profile-types.
Nonrandomness in single nucleotide composition varied from 2.8 to 36% for
sequences of diverse organisms. Bias in single nucleotide frequencies was
greatest in the sequence from the R. capsulatus genome and least in all

sequences of E. coli and a sequence from the H. sapiens genome. Generally,
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Table 13. Percent C and G content and extremes in representation of

dinucleotides and trinucleotides in representative examples of large continuous

DNA sequences from phylogenetically diverse species.
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Table 14.  Coefficient of variation (%) for single nucleotide, dinucleotide and
trinucleotide representation among DNA sequences of the same genome and

genomes of diverse species.
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Species Coefficient of Variation (%)
LOCuS*
Single Dinucleotide Trinucleotide
Nucleotide Representation Representation
Frequencies
B. coli
ECO110K 4.8 17.2 12.9
ECOUW85U 3.6 16.9 13.3
R. capsulatus
RCPHSYNG 36.0 27 .4 15.5
S. cerevigiae
YSCCHROMI 22.8 11.2 6.7
SCPEKGAI 28.4 11.5 6.1
YSCSYGP2 26.4 11.1 6.0
C. elegans
CELCO08C3 30.8 15.7 5.7
CELC50C3 31.2 17.5 9.3
D. melanogaster
DROABDB 19.6 16.3 8.5
R. norvegicus
RATCRYG 14 .4 24 .2 6.2
M. musculus
MUSTCRA 12.0 27 .4 €.9
H. sapiens
HUMGHCSA 2.8 28.2 7.3
HUMHARBCD 6.8 23.7 10.5
HUMNEURGCF 28.8 25.6 £.8
HUMFI1XG 26.0 25.8 4.7
HUMRETBLAS 30.0 25.0 6.0
HUMVITDRBP 30.4 27.1 6.9

*Locus is identified fully in Table 3



maximum entropy or nonrandomness occurred at single nucleotide or
dinucleotide levels.

Spearman rank-order correlation coefficients that measured the similarity
of single nucleotide, dinucleotide and trinucleotide frequencies for the DNA
sequence and its complementary strand were highly significant for all sequences
examined (p<0.01) . This observation is indicative of a similar organization on
both strands rather than a complementary organization between the two strands.

Spearman rank-order correlation coefficients of single, dinucleotide and
trinucleotide strand symmetric relative abundances for sequences of the same
and different genomes identified greater similarity in short-sequence composition
within the same genome or genomes of closely related species than among the
genomes of diverse species (Table 15). Correlation coefficients for dinucleotide
representation were applied as a similarity matrix and generally clustered
sequences in a phenogram in a pattern consistent with the genome-type
specificity observed in chaos patterns of global sequence organization (Figure
20). The same pattern was not evident at the trinucleotide level (phenogram not
shown). It appears that among the genome-types examined in this study that
nonrandom structure is greater at single and dinucleotide levels of organization
and these levels are represented by the largest subquadrants in a chaos plot.
The genome-specific features of global sequence organizaticn discerned by
visual examination of chaos patterns are for the most part due to nonequivalent
nucleotide frequencies and biases in association of two nucleotides, the most

basic elements of sequence organization.

135




Table 15. Spearman rank-order correlation coefficients for pairwise
comparisons of dinucleotide (above diagonal) and trinucleotide (below diagonal)

representation for large DNA sequences from diverse species.
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Figure 20. A comparison of the dinucleotide representation in large continuous
DNA sequences (>36,000 nts) from eight different species. A dendogram
produced by assuming that the Spearman rank-order correlation coefficients for
pairwise comparisons of dinucleotide representation constitute a similarity matrix.
Sequence labels are defined in Table 3. The plot is produced using a clustering

method based on Euclidean distance (Wilkinson 1991).



005°0

IHIFEWJ"I

SIONVYLSId

YSOHORNH

VAOLSONW
9Xdd1vd
QO9VYHWNH
OHNIANWNH
OXIJWNH

HALIARNH

- ‘TH3LYWNH

¢dOXSISX
WOYHDIISK
IVON3dOS
£€0800130
q9agvouda

€3050130
ONASHJAOY
A0T 1003

000°0




3.26 Short-Sequence Representation and the Length, Location and

Function of the Nucleotide Sequence

Local DNA sequence organization was examined in nonoverlapping
segments (30 and 15 kb in length) covering the entire sequence of the yeast S.
cerevisiae chromosome lll. These regions have a structure that is similar to the
organization of the entire S. cerevisiae chromosome Il sequence (see Figure
19e) and sequences from other chromosomes in the S. cerevisiae genome (see
Figure 19f). In all of the chaos plots generated, plotting was monitored and the
final pattern in data point distribution was established early in the course of
plotting and did not alter with the subsequent addition of data points (personal
observation of plotting). The chaos pattern generated by nucleotides 1 to 30,000
of the chromosome Il sequence is shown in Figure 21a and is representative of
the chaos patterns for the 30 kb and 15 kb regions examined. Twenty-two
putative open reading frames encompassing 28 kb and stretching from the left
telomere of the chromosome also produce the chaos pattern typical of S.
cerevisiae nuclear genome sequences (Figure 21b). Nontranslatable sequences
(28 kb) have a chaos pattern similar to that of translatable sequences and all
sequences of the S. cerevisiae nuclear genome examined thus far (Figure 21c).

Biases in dinucleotide and trinucleotide representation do not appear to
vary in regions of the chromosome Il sequence or in strictly translatable or
entirely nontranslatable chromosome lil sequences (Table 16). Significantly high
correlations exist in short-sequence representation in heterogeneous 15 and 30
kb regions and translatable and nontranslatable sequences of chromosome {ii
(p<0.05). A S. cerevisiae-specific global sequence structure is evident in regions

of different chromosomes, among different regions of a single chromosome, in
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Figure 21. Chaos representation of DNA sequence organization for different

regions of chromosome lll of the yeast Saccharomyces cerevisiae. Chaos
patterns were generated for a) a 30 kb region originating at the left telomere, b) a
28 kb sequence composed of 22 putative transiatable elements and c) a 28 kb
sequence composed of entirely non-translatable elements of the S. cerevisiae
chromosome !ll. Translatable and non-tranlatable sequences were assembied

from the left telomere of the S. cerevisiae chromosome lil.
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Table 16. Dinucleotide and trinucleotide representation values for the
complete Saccharomyces cerevisiae chromosome Il DNA sequence (315,357
nts) and 11 consecutive and non overlapping regions of that sequence (30,000
nts each) and 28 kb sequences composed of strictly translatabie and entirely

non-transiatable sequences.
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strictly translatable sequences and in entirely nontranslatable sequences. Global
DNA sequence structure in the S. cerevisiae nuclear genome did not appear to
be a composite of different patterns but appears to be independent of location
within the genome and the langth and function of the sequence. Additionally,
comparisons of chaos patterns and short-sequence representation were made for
translatable and nontransiatable sequences of the neurofibromatosis-1 gene and
globin gene cluster and these functionally distinct sequence elements have

similar short-sequence structures (p<0.05) in the human genome.

3.2.7 Representation of Longer Subsequences

One aspect of sequence organization that was regionally specific was the
location of highly repeated complex subsequences. These sequence structures
are not visible in two-dimensional chaos plots or measured in the exami.  on of
short-sequence representation but were ide¢ ‘ified through analysis of three-
dimensional chaos patterns that portray the degree of repetition of each individual
(x,y) coordinate (i.e., the repeated occurrence of specific subsequences). For a
single subsequence that occurs more than once in the total DNA sequence the
(x,y) coordinates defining each nucleotide of the subsequence will repeat and
thus indicate the reoccurrence of the oligonucleotide. In two-dimensional chaos
plots such data points are superimposed and not a part of a visual interpretation
of the plots.

For the S. cerevisiae chromosome |!i compiete DNA sequence the
constructior: of chaos plots in this analysis was such that 53,726 different (x,y)
coordinates are repeated at least once in various locations along the S.
cerevisiae chromosome lll sequence. The most frequent (x,y) coordinates are

(0,0), (667, 0), (333,0) and (1000,0) and they occur 120, 83, 82 and 64 times,
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respectively. These coordinates identify polyA, (CA)N and polyT repeats.
Repeated subsequences were also described for 10 consecutive 30 kb regions
and a terminal 15 kb region of the chromosome. Regions of the chromosome
differ in the number of different (x,y) coordinates that are repeated (837 to 1094
coordinates) and the degree to which the most frequent coordinate occurs (5 to
47 occurrences). Among the 30 kb regions, there are from 7 to 51 different (x,y)
coordinates that occur at least four times and these coordinates have an average
repetition of 4 to 9 times. There appear to be differences in the type and degree
of repetition of short sequences along the length of the S. cerevisiae
chromosome lil.

In each of the 11 nonoverlapping regions (30 kb) of this chromosome,
those subsequences that generated at least 4 repetitions of an (x,y) coordinate
were determined in order to limit analysis to the most highly repeated
subsequences (Table 17). Of the 39 subsequences identified, only 5 occurred at
least four times in muitiple regions and these oiigonucleotides were simple
repeats of single (polyA or polyT), dinucleotides (TA repeats) or trinucleotides
{CAA and CAT repeats). The remaining 34 oligonucleotides were repeated at
least four times but in a single region only.

Complex repeated subsequences were defined as containing at least 3 of
the 4 nucieotides and being at least 9 nucleotides in length. The 18 repetitive
oligonucleotides identified as complex {(Table 18) had highly regional occurrences
(i.e., primarily occurring in a single 30 kb segment). The complex repeated
oligonucleotides were classified as: 1) tandem, occurring consecutively with no
intervening sequences; 2) dispersed, occurring at distan? locations at no regular
intervals and/or 3) mixed, occurring both in tandem and at dispersed location.
Most of the compiex repeated oligonucleotides were dispersed in occurrence in

the entire chromosome sequence. Four of the complex repeats were tandemly
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Table 17.  Thirty-nine oligonucleotide sequences thct are repeated a minimum

of four times within at least one of the 10 consecutive 30

Saccharomyces cerevisiae chromosome lll.

regions of




Label Oligonucleotide Regional location
1 (A)7-23 I,11,1V,V,VI,VIII,X
2 C2-3A(CA) ] -3 T

3 Ga2Ag I

4 GACGCTGAGTCTTTACC I

5 ('PA)4_5 I1,11,111,1V,VII,VIII, b IX,X
6 TTGTTTATTTA T

7 ATTTGTTTGTA I

8 TTTTGTTTAT I

9 T7-15 I,IV,V,VI,VII,VIII,1X
10 GAATAAAAATCAA III

11 TTTACGTTAC III

12 (AGGTCA) 4 III

13 GATGATAATA III

14 CTAGTATAT II1

15 AAAAAANTAAAA Iv

16 ATAAGAAAAA v

17 (TTC) 7 v

18 (GTT g v

19 TGATAATATA v

20 TTTGGAAGAA VI

21 TTATTATTT VI

22 TTTTGATTT VI

23 (CARA) 3.5 VI,VIII,X

24 TAAACAAAA VII

25 TTCCTCTTC VII

26 (TTC) 3, 4 VII

27 (GAA)4-1] VIII

28 TAGTGGGTTCC VIII

29 T™rTrTCTTTTTT VIII

30 {TCA) 3-5 IX

31 AAACCAAATCA IX

32 (CATA) 2,5 IX

33 CTGCTTCTGCT 1X

34 TTGCTGTTG IX

35 (CAT) ¢ IX,X

36 GAAATAT X

37 TCAACTTCA X

38 (TTA) 3,6 X

39 (TTC) 3 X
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Table 18. Oligonucleotide sequences repeated along the length of the

Saccharomyces cerevisiae chromosome Ill.



Oligonmuclectide
Label

Locations in 315 kb sequence

Occurrence of
inverted sequence

Tandem repetitions

4 GACGCTGAGTCTTTACC
6 TTGTTTATTTA
30 ARACCAANTCA
33 CTGCTTCTGCT

Dispersed repetitions

7 ATTGTTGTA
-] TTTTGTTTAT
10 GAATAAAAATCAA
11 TTTACATTAC
13 GATGATARTA
14 CTAGTATAT
16 ATAAGARAAA
17 TGATAATATA
20 TTTGGAAGAA
22 TTTTGATIT
25 TAAACAAAR
34 TIGCTATTG
37 TCAACTTCA

Nixed repetitions
27 TAGTGAAETTCC

6,226
29,442

247,593
267,899

262,970*

5,874
196,949+

12,638"
115,780
261,967

83,694

65,708
90,096

43,965%
84,602

83,7132
84,678
149,247
168,516

45,147
111,435+
290,533

10,283
136,443

115,728
171,063

11,246
30,084
161,614"
182,055
292,322

23,700+
i96,670%
205,556

58,146
174,091
260,887

66,920

270,992
279,785

232,477

6,243
29,454

247,707

262,982*

12,133
198,036

13,953
197,275+
292,176

83,920

83,724

77,047
90,232

83,989

90,104
149,445
247,535

55,536*
112,787

81,512+
142,737

144,165
174,407+

12,484
35,966
163,239+
198,387~

29,084
200,750
274,082"

58,336
260,602
263,245

153,816

272,832
289,541

232,507+

6,260
29,474

264,467

262,9294"

19,646
303,508

19,749*
198,541"
298,268

84,436

83,950

83,860
186,552

84,163

90,308
151,486
290,162

100,882
141,905

124,018
142,748

153,216%
305,498

20,739y

48,008
163,273
204,424

29,520
201,428*
286,756

69,452*
260,6327
282,199¢

180,735

273,483
295,861°

232,537+

6,277
29,49.

267 ,572v

263,000

29,786

29,439
199,856
90,066

84,466

84,087

94,474
142,292
153,466
293,991

107,071
258,751
124,029

155,219

29,333
3,303
174,169%

263,357

112,159
205,127+

101,890
260,851
297,782

266,663
276,620

239,932

»

* The oligonucleotide ie located in a putative open reading frame.
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repeated and one oligonucleotide was both tandem and dispersed in occurrence.
The occurrences of the inverted sequence of each of the 18 repeated
oligonucleotides either do not occur at all or only in low frequency. The repetition
of certain larger subsequences was not distributed randomly within the entire

chromosome sequence but was region-specific.

3.28 Sequence Organization in Mitochondrial Genomes

A visual examination of major features of data point distribution in chaos
plots for the mitochondrial genomes (mtDNAs) of 28 diverse species (12
representative patterns) identified seven different types of patterns. These
distinct chaos patterns were exhibited by 1) Paramecium aurelia and Marchantia
polymorpha, 2) yeast and other fungi, 3) Prototheca wickerhamii, 4) nematode, 5)
insect, 6) echinoderm and 7) vertebrate species (Figure 22). All mtDNA
sequences are characterized by an over-representation of adenine and thymine.
This is seen in chaos plots as increased datapoint density towards the Aand T
axis. The chaos patterns of mtDNAs of more distantly-related species differ in
major features of data point distribution but chaos patterns of mtDNAs of more
closely-related species have similar chaos patterns. Sequence organization
displayed in chaos patterns is similar within consecutive and nonoverlapping
regions of mitochondrial genomes as apparent from an analysis of 4, 16 and 30
kb fragments of the human, S. cerevisiae and M. polymorpha mtDNAs,
respectively (chaos plots nct given).

The chaos pattern of the mtDNA of P. aurelia (Figure 22a) is
characterized by high data point density along a diagonal line joining C and T
vertices. Data point density also increases towards the A and T axis and in

particular towards the T vertex. Subguadrants of the plot that represent CG
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Figure 22. Representative chaos patterns of complete mitochondrial genome

sequences from phyilogenetically divergent species. a) Paramecium aurelia,
40,469 nts; b) Podospora anserina, 100,314 nts; ¢) Prototheca wickerhamii,
55,328 nts; d) Schizosaccharomyces pombe, 19,431 nts; e) Saccharomyces
cerevisiae, 78,294 nts; f) Marchantia polymorpha, 186,608 nts; g) Caenorhabditis
elegans, 13,794 nts; h) Artimiidae franciscana, 15,770 nts; i) Paracentrotus
lividus, 15,679 nts; j) Drosophila yakuba, 16,019 nts; k) Phoca vitulina, 16,826

nts; I) Homo sapiens, 16,569 nts. Chaos patterns are contained on two pages.
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dinucleotides contain relatively fewer data points and subquadrants representing
the CT dinucleotide, CTT trinucleotide and CTTC tetranucleotide contain a
greater number of data points than other similar-sized subquadrants.

The chaos pattern of the fungus Podospora anserini mtDNA (Figure 22b)
contains horizontal striations with increasing data point density towards the A and
T axis. The higher frequency of T relative to A, C and G is represented in the
chaos plot by higher data point density towards the T vertex and below the
diagonal line stretching from the A and G vertices. The alga species P.
wickerhamii mtDNA (Figure 22c) has a chaos pattern dominated by horizontal
striations with increasing data point density towards the A and T axes but there is
a relatively uniform data point distribution between A and T vertices. The mtDNA
chaos patterns of the two yeast species, Schizosaccharomyces pombe (Figure
22d) and S. cerevisiae (Figure 22e) have features most like that of P. anserinii
with the exception of high data point density along diagonal line between Cand T
and A and G vertices.

The relatively large mtDNA of Marchantia polymorpha (186 kb; Figure 22f)
produces a chaos pattern with the highest overall data point frequency. Like the
chaos pattern for the mitochondrial genome of P. aurelia, data point density is
greatest towards A and T vertices, the A and T axis and along the diagonal line
joining T and C vertices. As well, subquadrants representing subsequences with
the dinucleotide suffix, CT contain a greater number of data points than other
similar-sized subquadrants. Unlike the pattern for P. aurelia, data point density is
also high along the diagonal line joining A and G vertices.

The mtDNA sequences of invertebrate species have three types of chaos
patterns and the vertebrate species examined have a single type of chaos
pattern. The mtDNAs of the nematode species Ascaris suum and Caenorhabditis

elegans have similar chaos patterns characterized by increased data point
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frequency toward the A and T axis and in particular towards the T vertex (C.
elegans, Figure 22g) . Of the two patterns, that of A. suum has the greater bias
for A and T nucleotides over C and G nucleotides. Drosophila yakuba, Apis
melifera and Anopheles gambiae mtDNAs have similar chaos patterns and the
greatest extremes in bias for A and T nucleotides (D. yakuba, Figure 22h and A.
melifera, 22i). In these chaos patterns, subquadrants representing CG and GC
dinucleotides contain relatively fewer data points compared with similar-si -ed
subquadrants. The mtDNAs of Artimiidae franciscana, St -ongylocentrotus
purpuratus and Paracentrotus lividus have chaos patterns typified by increased
data point density along the diagonal lines between A and G and T and C
vertices (P. lividus, Figure 22j). Data point density in these plots increases
towards the A and T axis and subquadrants representing CG and GC
dinucleotides contain fewer data points compared with similar-sized
subquadrants. Vertebrate mtDNAs have a chaos pattern typified by a paucity of
G and the CG dinucleotide (representative plots are shown for Phoca vitulina,
Figure 22k and Homo sapiens, Figure 22I). The degree to which G and the CG
dinucleotide are under-represented in these genomes varies among the different
vertebrate species.

The maijor features of mitochondrial DNA sequence organization ponrayed
in chaos patterns can be quantified in part through determination of the over- and
under-representation of short subsequences such as single nucleotides,
dinucleotides and trinucleotides. The major determinants of data point
distribution in chaos patterns are nonequivalent occurrences of single nucleotides
and over- and under-representation of successively longer oligonucleotides.
Representation values for short sequences in mtDNAs indicate a greater degree
of bias in single nucleoi'de and dinucleotide composition than in trinucleotide

composition (Table 19). All mtDNAs have an over-representation of Aand T, a
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Table 19. Single nucleotide, dinucleotide and trinucleotide representation
values for mitochondrial sequences from phylogenetically diverse species and for

a prokaryote genome sequence and nuclear genome sequences.




Bvolutionary
Category Single nucleotide Dinuclectides and valu:e Trinucleotidae and values
SEQUENCE** repressntatiomn Under -represent.ed Over-represented Under - represented Over - represented
iltochondrial Gencames
Protosoan
PAUR A/T 1l.10* AT 0.65 M/TT 1.37 Cac/Gee 0.76 CGOA/TCG 1.33
c/G 0.82 CA/TG 0.76 AG/CT 1.22 AGA/TCT 0.05 GTA/TAC 1.28
Pungus
PANS A/T 1.39 cG 0.84 GC 1.29 GCC/GQC 0.88 ACC/30T 1.13
c/G@ 0.60 CA/TG 0.84 cc/o6 1.2% ARC/GTT 0.91 CGaC/GCG 1.10
aAlga
PWIC A/T 1.48 GA/TC 0.87 Gc 1.38 CCG/COG 0.74 ACG/CGT 1.21
c/@ 0.52 b ] 0.91 cc/aa 1.20 ©GC/GCG 0.97 CCA/TQG i.17
Yeoast
SPOM A/T 1.40 [o¢] 0.54 cCc/G6 1.31 CCC/GOG 0.83 CCA/TGG 1.17
c/6 0.60 AC/GT 0.8S AG/CT 1.13 GCC/GaC 0.85 ACC/GGT 1.15
SCER A/T 1.65 TG/CA 0.65 cC/aG 3.11 CCC/QaG 0.54 CAA/TTG 1.34
c/G 0.35 GT/AC 0.68 cG 1.4 COC/3CR 0.56 AAG/CIT 1.33
Plant
MPOL A/T 1.15 AC/GT 0.82 AR/TT 1.24 AGA/TCT 0.¢9 TCA/TGA 1.15
c/6 0.8% TA 0.85 CC/G6G 1.22 ACA/TAT 0.82 AGC/GCT 1.10
Invertabrate
ASUU A/T 1.44 oG 0.36 CC/0G 1.1 CCce/o06 0.79 coG/Co6 1.27
c/G 0.58& ac 0.72 AA/TT 1.23 CAC/GTG 0.83 CTC/GAG 1.26
CELE A/T 1.52 G 6.56 cc/o6 1.52 CGA/TCG 0.72 ACG/COT 1.29
c/G 0.47 GA/TC 0.83 AR/TT 1.11 CCC/GOG ©.85 CcCQ/006 1.10
AFRA N/T 1.29 cG 0.66 cc/aod 1.37 eC/G0G 0.79 GTA/TAC 1.14
c/e 0.71 AC/OT 0.80 AG/OT 1.12 GGA/TCC 0.688 cOG/C6G 1.1
PLIV A/T 1.21 oG 0.58 CC/QG 1.31 COC/e0G 0.84 COR/COG 1.20
c/G6 0.79 Ac/ar 0.82 AG/CT i.19 ATC/GAT 0.91 AGC/GCT 1.09
SPUR A/T 1.08 ca 0.56 TT/AA 1.86 CCC/GAG 0.89 CAC/QTG 1.11
c/G6 0.92 AC/GT 0.80 CC/GG 1.33 CGC/GOG 0.9 COG/CGG 1.09
DYAK A/T 1.57 cG C.68 cC/r 1,68 0OC/aCG 0.65 AGC/GCT 1.42
c/G 0.43 AC/OT 0.80 [¢of 1.33 30C/GBC 0.65 CGA/TCG 1.28
AMEL A/T 1.70 AC/OT 0.71 CC/QG 1.94 cCc/o6e 0.41 GAC/OTC 1.29
c/a 0.30 oG 0.81 GA/TC 1.12 BCC/BGC €.44 AOG/CCT L.26
AGAM A/1 1.55 oG 0.68 cec/6G 1.57 0aC/GCG 0.63 CGA/TOG l.36
¢, 0.45 AC/OT 0.80 [<To} 1.40 COB/GGC 0.71 AGC/GCT 1.8
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Bvolutionary
Category 8iny 'e nucleotide Dinucleotides and values Trinucleotides and values
SEQUENCE® v representation Under -xrepresaented Over - represanted Under -represented Over-represanted
Vertebrate
GGAL A/T 1.08 cG 0.46 cc/a6 1.37 AAG/CTT 0.85 cog/Cc66 1.24
c/G6 0.92 ac 0.82 AG/CT 1.12 QAC/GTC C.86 GCoC/eaC 1.17
CCAR A/T 1.14 (o 0.62 cc/e3 1.30 AGA/TCT 0.88 COG/C0a 1.16
c/G 0.86 GA/TC 0.86 AG/CT 1.07 CCC/GOG 0,88 AGG/CCT 1.11
XLAE A/T 1.26 cG 0.63 CcC/QG 1.28 ceC/G0a8 0.768 GCC/GGC 1.12
c/8 0.74 AC/aT 0.89 CT/AG 1.06 ccc /GGG 0.87 COG/CaG 1.12
CLAC A/T 1.09 ce 0.60 cc/a6 1.37 cGC/G06 0.91 COG/COG 1.15
c/ée 0.91 AC/QT 0.87 AA/TT 1.(, CCA/TOG 0.92 GAA/TTC 1.08
OMYK A/T 1.08 ] 0.64 CC/aG 1.-. ©gC/aee 0.89 GCC/QeC 1.08
c/G 0.92 AL/QT .89 AG/CT 1 GAC/GTC 0.90 coG/CaG 1.08
DVIR A/T 1.34 [e.c] 0.55 cC/GG 1.43 CGC/3C3 0.96 AQG/CCT 1.10
c/e 0.66 AC/GQT 0.86 TA 1.09 AGA/TCT 0.88 TCA/TGA 1.10
BPHY A/T 1.19 oG 0.54 cC/006 1.31 CcoC/G08 0.3 GOC/00C 1.17
c/c 0.81 GA/TC 0.90 AG/CT 1.10 GAC/GTC 0.85 COG/COG 1.16
BMUS A/T 1.21 ca 0.54 cC/oG 1.31 AGA/TCT 0.85 CCG/COG 1.22
c/6 0.79 GeC 0.90 AG/CT 1.11 GAC/GTC 0.85 GCC/GGC 1.18
HGRY A/T 1.16 cG 0.64 cC/GG 1.24 CGC/GC0G 0.03 ACG/CUL 1.18
c/G 0.84 ac 0.99 TA 1.10 AAG/CTT 0.83 GCC/GGC 1.16
PVIT A/T 1..7 [a.¢] 0.£5 cc/aa 1.24 ©ac/e0e 0.78 ACG/COT 1.22
c/G 0.83 GC 0.87 TA 1.09 AAG/CTT 0.83 GCC/GGC 1.20
BTAU A/T 1.21 [o.¢] 0.56 cc/aa 1.31 €GC/e0s 0.79 GCc/aaC 1.18
c/6 0.79 AC/@T 0.9 AG/CT 1.10 AAG/CTT 0.86 AGC/GCT 1.14
RNOR A/T 1.23 [a.] r.s3 CC/GG 1.39 GCA/TAC 0.82 crG/Co6 1.25
¢c/e6 0.77 GC 0.88 AG/CT 1.05 ©6C/a06 0.82 BOC/GeC 1.15
MMUSs A/T 1.26 [o.¢] 0.52 cc/o6 1.36 AAG/CTT 0.85 GAA/TCC 1.13
¢/ 0.74 acC 0.90 AG/CT 1.07 CCC/GAG 0.86 GCC/GuC 1.12
HSAF A/T 1.11 G 0.53 cC/aG 1.35 AAG/CTT 0.04 GCC/aGC 1.16
c/8 0.89 ac 0.87 AG/CT 1,09 GTC/GAC 0.986 coG/Coa 1.15%
Prokaryote Genome )
MCAP /T 1.43 ce 0.36 AA/T 1.19 €Ga/coe 0.33 AGC/GCT 3.3¢C
c/G 0.57 TA 078 ac 1.24 CCCc/aaG u.43 ACT/AGQT 3.02
Nuclear Genumes
Yeast
BCER:! A/T 1.21 TA 3.76 AA/TT 1.13 TAG/CTA 0.86 CCA/TGG 1.34
c/e 0.79 cG 0.680 TG/CA 1.12 C©CC/Qa6G 0.88 TAT/ATA 1.33
Invertebrate
DMEIN A/T 1.19 TA 0.83 ac 1.23 TAG/CTA 0.79 CCA/TOG 1.17
¢c/a o0.01 AC/OT 0.86 AA/TT 1.11 cCC/Goa 0.84 QTQ/CAC 1.1%
CELEN A/T 1.35 TA 0.64 AA/TT 1.10 TCC/QGA 0.88 coB/CcA6 1.17
c/G 0.65 AC/aT 0.86 GA/TC 1.26 TAT/ACA 0.89 TGA/TCA 1.14
Vertebrate
HSAP™ A/T 1.16 cG 0.48 cC/eG 1.25 CAA/TC3 0.82 SCA/TOG 1.15
“/G 0.94 ac 0.77 AA/TT 1.20 ccc/aee 0.87 €oC/308 1.13

* strand-symmetric odds .atio calculation prjj and y*xyz (see Methods and Burge et al., 1992° .
Representation values are givem for single nucleotides and the two highest and two lovest dinucleotide and
trinucleotidy represantation values. The oligonmucleotide and its inverted complement are given.

*+gROURBNCE is fully idemtified in Table 4.




deficiency of CG dinucleotides and an over-representation of CC/GG and AG/CT
dinucleotides. The greatest extremes in short-sequence representation occur in
S. cerevisiae, S. pombe, A. suum, D. melanogaster and A. melifera mtDNAs. The
type and extent of bias in short-sequence representation are generally more
similar in closely-related species than among distantly-related species, although
more closely-related species, such as S. cerevisiae and S. pombe, D.
melanogaster and A. melifera and C. elegans and A. suum do differ in the extent
of bias in short-sequence raepresentation.

Short-sequence representation among smaller regions of the
mitochondrial genomes of H. sapiens, S. cerevisiae, M. polymorpha and the
entire mitochondrial sequence of the same species are significantly correlated
(p<0.05). The higher-order sequence organization of mitochondrial genomes
portrayed in chaos patterns can be attribuied in large part to biases in short-
sequence representation, in particular single nucleotide composition. Patterns in
the short-sequence organization of mitochonarial genomes also appear to be
correlated with host species-type.

Spearman rank-order correlation coefficients were generated for all
pairwise comparisons of 28 mitochondrial genomes based on single nucleotide
composition and dinucleotide and trinucleotide representation (see Table 20 for
representative sequence comparisons where comparisons between more ciosely
related species pairs are in bold type). Single nucleotide composition differs
among the mtDNAs and does not appear to “e species-type specific or correlated
with the similarities and differences seen in chaos representations of these
sequences. Dinucleotide representation considers both single nucieotide
composition and nearest-neighbor nucieotide associations and for mtDNAs was
similar among closely-related species and different among distantly-related

species. The similarities and differe...es observed in chaos patterns of
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Table 20. Spearman rank-order correlation coefficients for pairwise
comparisons of the relative proportions of single nucleotides and the
representation of dinucleotides and trinucleotides for mitochondrial genomes of

phylogenetically diverse species.
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mitochondrial genomes correlate with patterns in dinucleotide representation.
Trinucleotide representation among mitochondrial genomes is also species-type
specific but has a consistent low extent of bias in comparison with the biases in
single nucleotide composition and dinucleotide representation. Thus, species-
type specific patterns in DNA sequence organization for mitochondrial genomes
occur primarily in dinucleotide composition. Cluster diagrams relating the various
mitochondrial genomes based upon short-sequence representation were
correlated with a known phylogeny of these species (Gray, 1989; 1992) and the
clustering based on dinucleotide representation best portrayed the known

phylogenetic relatedness of these species (Figure 23).

3.29 Short-Sequence Representation in Nuclear and Mitochondrial

Genomes

The mitochondrial genomes of S. cerevisiae, C. elegans, D. yakuba and H.
sapiens and same-length nuclear sequences of the same or a closely-related
species generate different chaos patterns (compare Figure 22 e, g, j, | for
mitochondrial sequences with Figure 24 a, b, ¢, d for nuclear sequences of the
same species). The mtDNA of S. cerevisiae has a greater over-representation
of A and T compared with a representative region of the nuclear genome. The C.
elegans mMIDNA compared with a representative nuclear region has a higher
relative frequency of T and a greater over-representation of A and T. The D.
yakuba mtDNA has an over-representation of A and T and a deficiency of CG
dinucleotides not visible in the chaos pattern of an 80 kb region of the D.
melanogaster nuclear genome. Vertebrate nuclear genomes have a greater
deficiency of CG dinucleotides than do mitochonarial genomes of these species.

Vertebrate mitochondrial genomes are deficient in guanine, unlike nuclear

164



Figure 23. The phenogram produced by assuming that the Spearman rank-
order correlation coefficients for pairwise compari..ns of dinucleotide
representation constitute a similarity matrix. The phenogram was produced using
a clustering method based on Euclidean distance (Wilkinson 1991). Sequence
labels for mtDNAs are defined in Table 4. Sequences from nuclear genomes
include SCERN (Saccharomyces cerevisiae, 78,295 nts of chromosome |lI,
accession No. X59720), CELEN (Caenorhabditis elegans 13,794 nts of a
romeobox DNA binding gene region, accession No. L15201), DMELN
(Drosophila melanogaster 16,019 nts of the abdominai-8 gene region, accession
No. L07835) and HSAPN (Homo sapiens 16,569 nts of the retinoblastoma gene
region, accession No. L11910). The prokaryote genomes examined included
MCAP (Mycoplasma capricolum 12,971 nts of the ribosomal protein gene clugor;
accession No. X06414), ECOL (Escherichia coli, ECO110K and ECOUWSS5U,
111,401 and 91,408 nts, respectively) and RCAF (Rhodobacter capsulatus
45,959 nts of the photosynthetic gene cluster, accession No. Z11165).
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Figure 24. Chaos patterns of the DNA sequence organization representative of
the nuclear genomes of a) Saccharomyces cerevisiae (78,295 nts of
chromosome lil, accession No. X59720); b) Caenorhabditis elegans (13,794 nts
of a homeobox DNA binding gene region, accession No. L15201); c) Drosophila
melanogaster (16,019 nts of the abdominal-B gene region, accession No.

L07835); d) Homo sapiens (16,569 nts of the retinoblastoma gene region,

accession No. L11910).
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sequences of these species. Short-sequence composition is more similar among
diverse mitochondrial genomes than it is between mitochondrial and nuclear
genomes of the same species.

The sequence organization of a region of the Mycoplasma capricolum
genome has a unique chaos pattern (Figure 25) but a dinucleotide and
trinucleotide composition like that of the mtDNAs of P. aurelia, M. polymorpha,
and A. melifera and the nuclear genome of D. melanogaster (Figure 23). The
chaos patterns and short-sequence representation for representative regions of
E. coli and R. capsulatus genomes differed from each other and from the various

types of chaos patterns generated by the 28 mitochondrial genomes (Figure 23).

3.2.10 Short-Sequence Representation in Viral Genomes

Chaos patterns generated for viral genomes had a fairly uniform
distribution of data points except for the viral genomes capable of integration
within a vertebrate nuclear genome which generated chaos patterns similar to
regions of the host genome. The "double-scoop” pattern was evident in these
chaos plots (Figure 26). Dinuc'eotide representation in viral genomes capable of
integration in a vertebrate genome was similar to that of the host genome
{p<0.05) and unlike that of viral geno.nes replicating in the host cytoplasm or

nucleus without integration into the host genome (p>0.05).
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Figure 25. Chaos representation of the ribosomal protein gene cluster of

Mycoplasma capricolum (12,971 nts; accession No. X06414).




171

. . .
. Cs ke IS ¥ - s
_'..l . | L] : - T .2 s ‘-‘ N -
- . - L5 - . L
. - - 4
. . . - R - . - N
DN SO - - " . R . . . ':‘.' -
.. . P . . ‘
e S - - L AP > 5.
) . - s - -
t- A el T ca . .
.y P — P "l - . Palke . ra ©
Vo e cn < I .
P .
s - . .
- Fau Wt
¢ > -t
- B ) .
e:;ra&.s./:t'.,..z eten? - .
. YRS o .
bei V- PN PR S -
A PN PGSR O
L2 Tt S ' O e b
5




Figure 26. Chaos representation of the DNA sequence organization for two
viral gencr.es capable of integration into a primate nuclear genome. The chaos
patterns were generated by the a) human and b) simian immuno.'eficiency

viruses (9,793 and 10,277 nts, respectively).
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Chapter 4

DISCUSSION

It is through the examination of genetic variation that insight into the
dynamics of evolution is gained. Estimates provided by examination of
phenotypes and a partial analysis of DNA segquences are of limited value.
Measurement of the extent of genetic variation is essential to elucidate its origin
and maintenance. The best measure is obtained from the direct examination of
nucleotide sec"1ence diversity. DNA sequencing provides high resolution and
simple interpretation by méasuring the total extent of genetic variation and
describing the pattern of nucleotide sequence diversity and organization.
Sequence determination of any region of a genome for any species is now
possible using the polymerase chain reaction. Knowledge of both the pattern and
extent of nucleotide sequence diversity is essential to refine theories of the origin,
pattern and maintenance of genetic variation that were based on examination of
phenotypic differences.

A direct examination of nucleotide sequence differences has revealed a
large number of previously hidden substitutions. Kreitman (1983) compared 11
Adh genes from five geographically distinct populations of Drosophila
melanogaster and revealed the presence of 42 silent substitutions in exons and
introns but only one amino acid replacement, providing strong evidence that most
amino acid replacement mutations in this gene have been selectively deleterious
and that this gene has a high level of silent nucleotide variation within a species.
It is not known if the level of purifying selection and rate of silent substitution are

representative of other genes nor how much of this variation occurs in single
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populations. The examination of Drosophila Adh genes has raised several
questions that can be addressed only by comparison of additional sequences.

There is limited knowledge of the extent and nature of the diversity in
nucleotide sequence information in human populations. This diversity is defined
as the number of nucleotide differences per site between two »andomiy chosen
sequences from a population (Li and Sadler, 1991). The highest degree occurs
at fourfold degenerate sites and is 0.11% in the human genome (Li and Sadler,
1991), much less than that observed in Drosophila (2.2%; Aquadro, 1991; Li and
Sadler, 1991). The nature of the sequence data used by Li and Sadler (1991)
has sampling biases both for loci of medical importance and for Caucasian North
Americans and it is not known if it is representative of the entire human genome
and of different human populations. Direct examination of numerous and
functionally diverse loci in different humar populations is necessary to obtain a
representative measure of nucleotide sequence diversity in humans.

Descriptions of the origin and maintenance of genetic variation generally
have not acccunted for the constraints placed upon nucleotide sequence
organization which are not associated with gene-specific features, but are related
to the necessity of a higher-order sequence organization. The existence of any
genome-specific constraints to sequence organization would be expected to
affect the level and nature of nucleotide sequence diversity. However, DNA
sequences may have a fract.l nature which is defined as a global structure to
nucleotide sequence organization (Tsonis et al., 1993) and appears to differ in
different species; any genome-type specificity has not been defined (Jeffrey,
1990; Rogerson, 1991; Voss, 1993a b). Few determinants of a macrolevel of
organization of DNA sequences are known (Burge et al., 1992; Karlin and

Brendel, 1993). Given our limited knowledge of the global structure of DNA
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sequences, its existence has not been integrated with the examination of the
origin and maintenance of nucleotide sequence diversity in any genome.

The present study addressed these concerns with three general
objectives: 1) to characterize the nucleotide sequence variation at two regions of
the human nuclear genome that were known to differ in the nature and extent of
poiymorphism and in twoc populations with different evolutionary histories and
population structures; 2) to describe the features of the primary organization of
nucleotide sequences and identify the giobal structure of DNA; 3) to define the
genome-type specificity of the global structure of nucleotide sequences and

identify the biological determinants of the global structure of DNA.

4.1  Nucleotide Sequence Variation at a Polymorphic Locus in Two

Different Human Populations

The direct sequencing of the polymorphic third exon of the Adh2 locus in
two different human populations did not reveal any intra-alielic variation ir a total
of 19,110 nucleotides examined. Instead the two predominant alleles at this
locus, the "typical” 67 and the "atypical” 82 alleles were observed. These
observations are consistent with the selection regime affecting the Adh2 gene
product and the structures of the two human populations.

A lack of intra-allelic variation is not unexpected given the functional
coristraints and thus the highly conserved nature of Adh genes. Eleven clones of
the entire Adh genes from five natural populations of Drosophila contained 43
previously undetected polymorphisms that are considered intra-alielic (Kreitman,
1983). Only one of these polymorphisms resulted in an amino acid change, the
change responsible for the known electrophoretic variants present in all natural

populations of Drosophila, the "fast "allele, Adh-f and the "slow" aliele Adh-s.
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These data imply that most amino acid changes in Adh would be selectively
deleterious.

The Adh gene product is a general "housekeeping” enzyme of critical
importance in the metabolism of alcohol. Human Adh1, Adh2 and Adh3 genes
encode amino acid sequences with 93 to 96% identity ('kuta et al., 1985; 1986;
von Bahr-Lindstrom et al., 1986). Mammalian ADH enzymes, in comparison with
ADHs of maize and yeast species, have an amino acid sequence similarity of
50% and 20%, respectively (Eklund et al., 1976; Jornvall et al., 1987). In this
study, nucleotide sequence diversity was examined in the Adh2 third exon which
encodes the catalytic domain of the enzyme (Hurley et al., 1991). This exon
contains nucleotide sites encoding amino acid residues critical for substrate
binding and other residues essential for maintaining the three-dimensional
structure of the active site of the enzyme (Eklund et al., 1976, Hurley et al.,
1991). Certain of these amino acid sites are invariant across numerous diverse
species (Sun and Plapp, 1992), so that nucieotide substitutions at the third exon
of Adh2 would not be expected at a large number of sites as they would likely
alter amino acids subject to functionai constraints.

In an examination of 49 human genes Li and Sadler (1991) observed no
sequence differences between two randomly chosen sequences for 33 human
genes. The 16 remaining loci contained only one to four nucleotide differences.
Adh loci were not among the 49 loci examined but other general "housekeeping”
enzymes were and little to no nucleotide sequence diversity was observed in the
sequences analyzed.

Substitutions at synonymous codon sites are not affected by the selective
influences upon the Adh2 gene product. However, synonymous codon usage is
biased and genome-specific (Grantham et al., 1980). Synonymous codon usage

biases in prokaryotes and lower eukaryotes are associated with tRNA content
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and gene expression, particularly in highly abundant proteins (Grantham et al.,
1981; Ikemura, 1985; Lloyd and Sharp, 1992). In hinher eukaryotes synonymous
codon usaye is associated with the nucleotide composition of the region in which
the gene is located (Sharp and Matasi, 1994; Zhang and Chou, 1993; D'Onofrio
et al., 1991; Lipman and Wilbur, 1983). There is a selective constraint upon
nucleotide sequence organization at synonymous sites that is associated with the
organization of the nucleotide sequence in the region of the genome containing
the gene of interest. Thus in genes there are selective constraints even upon
synonymous sites and these constraints are species-type specific in nature and
relate to sequence composition.

In this study there was a sequence difference detected at the third exon of
the Adh2 locus. It is not unexpected that the substitution occurs at a CG
dinucleotide, a known "hot spot” for mutation (Beutler et al., 1989; Bird, 1980;
Ehrlich and Wang, 1981). Transitions at CG dinucleotides are elevated
approximately 24-fold relative to transitions at non-CpG dinucleotides (Sommer
1992). The dinucleotide mutation rate produces a bias against G and C
nucleotides that has been hypothesized in the case of the human factor 1X gene
to be sufficient to maintain the G+C content at its evolutionarily conserved level of
40% (Sommer 1992).

The sequence difference observed in the third exon of the Adh2 locus
represents the occurrence of the two alieles 87 and 82 that predominate in
human populations. The existence of the two alleles in different populations is
not hypothesized to be due to recurrent mutation but to the single occurrence of
the mutation and a founder effect in multiple populations (Stamatoyannopoulos et
al., 1975). The distribution of the 82 allele is >70% in Japanese populations and
<10% in English populations (Stamatoyannopoulos et al., 1975) so that the single

occurrence of the 82 allele in Southwestern Ontario is consistent with the
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European ancestry of these people. The individuals of Southwestern Ontario
represent a relatively large population derived primarily from Western European
countries.

The Dogrib population differs from that of Southwestern Ontario population
in many respects. All Dogrib individuals ware homozygous for the 87 allele of the
Adh2 locus. Archeological evidence on ancestral American Indian migrations is
ambiguous but analyses of linguistic diversity and mitochondrial DNA have
placed them at 5,200 to 10,500 years before present and indicate only one or two
separate waves of migration (Wallace et al., 1985; Szathmary, 1993; Torroni et
al., 1992; Wallace and Torroni, 1992). Traditional anthropological investigations
have confirmed that American Indians came from Asia, probably crossing the
Bering land bridge when it was exposed during an episode of glaciation
(Crawford and Enisco, 1983). The nearest living Asian relatives of present day
Dogrib individuals are Siberians and little if anything is known of genetic
similarities and differences between Dogrib and Siberian individuals (Posukh et
al.,, 1990). The nature of the alleles at the Adh2 locus in the Siberians is not
known but would be of interest to this study. Cornsidering their Asian ancestry it
might be assumed that the 82 allele would predominate in the Dogrib population
as it does in the more closely-related Japanese populations.

The striicture of the Dogrib popuiation is uniike that of the Europeans or
the Japanese and is the result of perhaps two founding events with a limited
number of founders (Crawford, 1992). It has been subjected to severe
botilenecks associated with disease related to coionization by Western
Europeans (Crawford, 1992). The population is small and geographically
isoluted. European admixture is limited (Szathmary, 1978). The population is
subject to genetic drift and the effect is the eventual fixation of one allele at a

particular locus. It is possible that the original founding population contained only
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the 817 allele or alternatively both 87 and B2 alleles with frequencies similar to
that seen in present-day Japanese populations. Genetic drift may have been a
significant force in eliminating 82 allele from a polymorphic founding popuiation.
The specific absence of the 82 allele could also be consistent with the existence
of selective pressure against the "atypical” 82 allele. The 82 aliele does produce
a "super active” form of the ADH enzyme that would be expected to cause a build
up of the highly toxic metabolite, acetaldehyde, an obvious deleterious result
(Bosron and Li, 1988).

42 Nucleotide Sequence Variation at a Highly Polymorphic Locus in Two

Different Human Populations

The direct sequencing of the highly polymorphic second exon of the HLA-
DQB1 locus in two different human populations did not reveal any intra-allelic
differences in a total of 20,094 nucleotides examined. Instead the sequence
information determined at the second exon of this locus could be attributed to
known alleles at this locus. The Southwestern Ontario and Dogrib populations
differ in the number and type of 1illeles at this locus. The average heterozygosity
at this locus in the individuals of Southwestern Ontario was 0.78. The individuals
of Southwestern Ontario contained 12 alleles and all five allele subtypes. The
most frequent alleles were 201/202 and 602, the two alleles with the greatest
nucleotide diversity at the second exon. The Dogrib populations had an average
heterozygosity of 0.82 but contained four fewer alleles and two fewer allele
subtypes than the individuals of Southwestern Ontario. These observations are
consistent with the evoiutionary histories and population structures of the two
human populations and a selection regime affecting the HLA-DQB817 gene product
that differs from that affecting the Adh2 gene product.
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The fewer alieles and allele subtypes in the Dogrib population would be
expected given the structure and evolutionary history of the population and the
significance of genetic drift as a force a*fecting the maintenance of genetic
variation in this population. The small size of the population indicates the
influence of genetic drift in reducing the level of genetic variation. An opposing
force affecting the level of genetic variation is the seiection regime. Although
genetic variation at HLA loci is “ritical to the survival of the population, there is no
evidence that it is maintained by an increased mutation rate (Hayashida and
Miyata, 1983; Klein, 1986) but rather by an overdominant selection regime
(Figueroa et al., 1988; Fan et al., 1989; Gaur et al.,, 1992; Lawlor et al., 1988).
The fewer alleles and allele subtypes and the increased heterozygosity in the
Dogrib population in comparison with the Southwestern Ontario population is
consistent with the coexistence of genetic drift and balancing selection as forces
affecting the maintenance of genetic variation.

The lack of intra-allelic variation at the second exon of the HLA-DQB81
locus is consistent with evidence (Hayashida and Miyata, 1983; Klein, 1986) that
genetic variation is not maintained by an increased mutation rate. It is
reasonable to assume that there is a limit to the extent of nucleotide diversity that
can occur without disrupting the function of the HLA-DQB81 molecule. Thus, the
type and number of mutations, even within the antigen recognition domain of the
HLA-DQB1 molecule, are still limited by functional constraints.

The lack of intra-allelic variation at exons of the polymorphic and the highly
polymorphic loci argues for no difference in mutation rates as a significant force
in the maintenance of the observed levels of genetic variation. The different
levels of genetic variation are hypothesized to be due to different selection
regimes acting upon the gene products of these loci. The different levels of

genetic variation between the two human populations are hypothesized to be the
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result of differences in population size and ancestry. Genetic drift is proposed as

a significant force affecting the heterozygosity within the Dogrib population.

43 Evidence for the Global Structure of Nucleotide Sequence

Organization

This investigation defines global DNA sequence organization as a higher
order structure that is depicted in chaos patterns of DNA sequences and appears
to be determined largely by single nucleotide frequencies and nearest-neighbor
associations of nucleotides. It is similar in both translatable and non-transiatable
elements of a DNA sequence. Global structure is similar on both strands of the
DNA double helix and is scale and region invariant. Its specific features appear
to be related to the genome-type in which the DNA sequence occurs.

Different regions of the same genome have a common structure, defined
as similar major features in data point distribution in two-dimensiona! chaos plots
and similar short-sequence representation (i.e., single nucleotide frequencies,
dinucleotide and trinucleotide representation). Sequence organization was
examined in more than one region of the Escherichia coli genome and in
different regions of the nuclear genomes of Saccharomyces cerevisiae,
Caenorhabditis elegans and Homo sapiens. The short-sequence composition of
each DNA sequence and its complementary strand were significantly correlated
as has been reported previously in examination of tetranucleotide compositions
of sequences from diverse species (Rogerson, 1991). In one particular genome,
that of the yeast S. cerevisiae, the characteristic sequence organization was seen
in regions of four different chromosomes and in adjacent 15 and 30 kb regions of
chromosome lil. The nucleotide sequence organization in the nuclear genome of

the yeast S. ceravisiae (a total of 432 kb examined) has a common structure
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regardless of the size of the DNA sequence examined, its location within a
chromosome sequence and the specific chromosome examined. Similar
conclusions are reached from analysis of numerous sequences from different
chromosomes in C. elegans (a total of 1,008 kb) and human nuclear (965 kb)
genomes. Sequence structure was also similar among different regions of the
mitochondrial genomes of Marchantia polymorpha and humans. These
observations are consistent with the hypothesis that a higher-order organization
exists in DNA sequences. Sequence structure is said to be global as it is similar
on both strands of the duplex DNA and is independent of the length of the
nucleotide sequence and the location of the sequence within the genome.

The global nature of sequence structure also includes an independence
from the function of the DNA sequence. Translatable or non-translatable
elements have a similar organization of nucleotides in the chromosome Hi
sequence of S. cerevisiae and the neurofibromatosis gene and globin gene
cluster of humans.

The chaos patterns and contour plots of unrelated genes from a single
species appear to be more similar than those of a relatively conserved gene from
unrelated species. For example, in humans the Adh and giobin gene families
and the HLA-DQ#B1 gene have simiiar chaos patterns, contour plots and biases in
short-sequence composition. In contrast, the highly conserved Adh genes of
phylogenetically diverse species have different chaos patterns and short-
sequence compositions. Sequence structure in Adh genes of different species
were similar only among ciosely-related species. These observations are
consistent with a structure that is not gene-specific but genome-type specific.
Structures depicted in two-dimensional chaos patterns and roughly quantified in

terms of biases in short-sequence composition portray the existence of a highly
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conserved and species-type specific pattern that appears to affect both DNA
strands and underlie ali other genetic information.

Not all features of nucleotide sequence organization have a global nature.
Three-dimensional chaos patterns portray the frequency and nature of highly
repeated longer subsequences and have a region-specific patiern of occurrence
in the S. cerevisiae chromosorie Ill. These sequence structures are not
measured in the examination of two-dimensionzi chaos patterns and the analysis
of short sequence composition and were not examined further in the present
study. The chaos method has the potential to identify all repeating
subsequences, including imperfect repeats, but algorithms for their identification
have not been developed. It is more expedient to determine the nature and
location of all repeats using other analysis techniques (Leung et al., 1991). Thus
only a limited analysis of subsequence repetition was undertaken in the present
study. As well, repetition of fonger subsequences did not appear to be a global
feature of biological organization, at least in the S. cersvisiae genome. Future

analyses could determine if this is the case in other species' genomes.

44 Evidence for a Global DNA Sequence Structure that is Genome-Type
Specific

The genome-type specific nature of global DNA structure, aithough
identified previously, remains poorly defined (Jeffrey, 1990; Rogerson, 1991;
Voss, 1993 b; Burge et al., 1992; Karlin and Brendel, 1993). In the present study
the chaos patterns of unrelated genes from a single species appear to be more
similar than chaos patterns for a relatively conserved gene sequence from
unrelated species. Two different multigene families, Adh and globin in the .uman

genome, have similar global sequence structures and the same gene family, Adh,
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known to be highly conserved in numerous distantly-related species, has greater
variability in global structure in different species. Similar sequence structures
were only identified among the Adh genes of more closely-related species (i.e.,
among mammais). These observations argue for the existence of species-type
specific influences upon global sequence structure.

Chaos represeniation of 56 large DNA sequences (> 36,000 nts) from 10
phylogenetically diverse species revealed six different chaos patterns or global
structures. Rhodobacter capsulatus, E. coli, S. cerevisiae, C. elegans,
Drosophila melanogaster and mammalian genomes each have a unique chaos
pattern and global structure. Data point distribution in chaos patterns was
quantified partially by examination of single nucleotide frequencies and biases in
di- and trinucleotide frequencies. Spearman rank correlation coefficients for all
pairwise comparisons of short-sequence representation were considered as
similarity coefficients. A similarity matrix clustered most sequences in a
phenogram in a pattern consistent with the genome-type specificity suggested
from the visual comparison of chaos patterns. The different global sequence
structures in different prokaryote DNAs and eukaryote nuclear genomes suggest
the existence of constraints upon nucleotide sequence organization which are
species-type specific.

it should be noted that genome-type specificity remains poorly defined due
to the limited number of different species’' genomes represented in the data set of
this study. To refine the definition of genome-type specificity in global sequence
organization it is nacessary to examine numerous other sequences from a
greater variety of species. Perhaps subtle differences between more-closely

related species and the determinants of the structures can then be identified.
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45 Evolution of a Global Sequence Organizatior That is Genome-Type

Specific

The monophyletic and endosymbiotic origin of miiochondria permits
examination of the influence of the ancestral species-type, evolutionary time and
host species-type on the evolution of global structure. Global DNA sequence
organization was characterized for the complete mitochondrial genomes of 28
phylogenetically diverse species using chaos representation and measures of
short-sequence representation. This approach revaaled 7 different patterns of
global sequence organization in mitochondrial genomes of 1) protozoan and
plant, 2) yeast and fungus, 3) alga, 4) nematode, 5) echinoderm, 6) insect and 7)
vertebrate species. A cluster diagram based on dinucleotide representation for
select prokaryote, eukaryote and mitochondrial sequences revealed 1) similarities
in the sequence organization of mitochondrial genomes of more closely-related
host species, 2) similarities in the sequence organization of mitochondrial
genomes and that of Mycoplasma capricolum, the proposed prokaryote
progenitor of present day mitochondrial genomes (Cardon et al.,, 1994) and 3)
more similarity among mitochondrial genomes of diverse species than between
the mitochondrial ganomes and the nuclear genome of the same or closely
related species.

Examination of mitochc.idrial DNA sequences in this analysis has
permitted a further characterization of species-type specificity, at least in terms of
the close and distant relationships among the 28 species for which complete
mitochondrial sequences are available. Mitochondrial genomes were also
selected as a biological model for monitoring the relationship between species-
type and DNA sequence crganization due to their unique ancestry. It is assumed

that mitochondrial sequence organization is a product of the multiple influences of

1886



a monophyletic and prokaryote origin and symbiosis with the constraints imposed
upon the host nuclear sequence organization. The endosymbiotic relationship
with the host cell could maintain features specific to the prokaryote ancestry and
unique codon usage patterns and cellular location of the mitochondrial genomes.
It is apparent from the chaos patterns generated in this investigation that
mitochondrial genomes differ in global structure from nuclear genomes of the
same species. Mitochondrial sequence organization also differs from the
presumed ancestral sequence, which itself may have altered with evolutionary
time. Also, the eukaryote host and evolutionary time are expected to have
altered the mitochondrial sequence organization from the ancestral form. It has
been observed that certain features of sequence organization are common to all
mitochondrial genomes (mitochondrial-specific). Certain other features are similar
among closely related-species and different among distantly-related species (i.e.,
host species-type specific). Certain features are similar in the proposed
prokaryote ancestor of present day mitochondrial genomes, Mycoplasma
capricolum genome (specific to the species of origin). Such results are
compatible with two hypotheses: 1) that insufficient evolutionary time has passed
for mitochondrial genomes to have been influenced by the same host-specific
constraints as nuclear genomes or 2) different and yet species-type specific
constraints account for the global structures of nuciear and mitochondrial
genomes. The global structure of nucleotide sequences does not appear to be
simply species-type specific but since it differs between the mitochondrial and
nuciear genomes of the same species it is more properly defined as genome-type
specific.

Why the global sequence organization of the mitochondrial and nuclear
genomes is species-type specific but different from one another is not known. It

may be that the nuclear and mitochondrial genomes of a cell, although differently
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located in the cell, are under same/similar evolutionary constraints for higher-
order organization. In such a hypothesis, the observed differences in sequence
organization represent a transitional state and, giver. time, the two sequences will
attain a similar (global sequence) organization where the time required could be
species-type dependent. In a second hypothesis, mitochondrial and nuclear
genomes could accommodate differently to the same/similar global sequence
organization for mitochondrial and nuclear genomes. This explanation suggests
mitochondrial and nuclear genomes could accommodate the same/simitar
species-type specific constraints on DNA sequentiality differently given their
differences in subceliuiar location, mode of replication, transmission, codon
usage and genome organization. The differences in the global sequence
organization of the mitochondrial and nuclear genomes of a species are
representative of the many differences in mitochondrial and nuclear genomes
such as their different cellular locations and codon usage patterns. The second
explanation suggests that the observed differences may represent relatively
stable species-type specific mitochondrial and nuclear features of higher-order
sequence organization. ldentifying which of the proposed mechanisms account
for the differences between nuclear and mitochondrial genomes could form the
basis for identifying particular determinant(s) of global sequence organization
describing the evoiution of nucleotide composition and order in DNA sequences.
The genome specificity of the chaos pattern at the present level of our
understanding could be attributed to differences in mutation rates associated with
a particular base, dinucleotide, etc. One example of this is the relatively high
mutation rate associated with CG dinucleotides to TG dinucieotides in vertebrates
due primarily to the methylation specificity of CG (Russell et al. 1976; Coulondre
et al., 1978; Bird 1980; Ehrlich and Wang 1981). Sequence-specific methylation

and mutation rates in other genome-types remains poorly understood.
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Explanation of some of these observations may be critical for complete
elucidation of the patterns observed in chaos patterns. The global structure of all
mitochondrial genomes is characterized by an over-representationof Aand T, a
deficiency of CG dinucleotides and an over-abundance of CC/GG and AG/CT
dinucleotides. It should be noted that the global structure of nuclear genomes is
determined primarily by biases in dinucleotide composition, while the
determinants of the global structure of mitochondrial genomes are biases in
single nucleotide and dinucleotide composition. There is a need to examine
tfurther genome-specific mutation rates for single nucleotides and
oligonucieotides and/or genome-specific constraints upon sequence organization
to explain the differences in global structure between mitochondrial and nuclear
genomes.

Viral genomes capable of integration within the host genome represent a
means to test indirectly the hypothesis that genome-type specific influences
determine global sequence organization. The global structures of different viral
genomes are consistent with this hypothesis. Only those viral genomes requiring
integration into the human genome for replication have a giobal structure similar
to that seen in the human nuciear genome (also seen by Jeffrey, 1990).
Specifically the under-representation of CG dinucleotides is present in these
integrative viral genomes. Other viral genomes replicating in the cytoplasm or
the nuclzar matrix but not requiring integration into the host genome for
replication have different global structures. These observations also point out
that the genome-specific constraints upon global sequence structure require
integration into the host genome. These analyses were limited by sequence
availability to the examination of global sequence structure in mammals. In
order to test the pervasiveness of this observation, future analyses should

examine other integrative viruses and host species pairs, in particular those host
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genomes having a different global structure from that of mammals. The pattern
and extent of mutation in transgenic sequences such as the prokaryote lactose
operon sequences in a murine nuclear genome (Kohler et al., 1991; Myhr, 1991)
could be examined to monitor directly the transition of global sequence structure

from one genome-type to another.

46 Summary

1. There is no evidence for higher substitution rates for a gene with extensive
polymorphism (HLA-DQB1) as compared to a gene with relatively low
polyinorphism (Adh2) in human populations. No intra-allelic nucleotide sequence
variation was observed following DNA sequance determination of roughly 39,000
base pairs at these loci. A lack of novel nucleotide diversity argues for a major
role for selective forces in maintaining a gene-specific degree of polymorphism in

most populations.

2. in the evolutionary history of a population, admixture and stochastic
processes such as founder effects and bottlenecks are important determinants of
the observed genetic variation in human populations. These processes can
account for the similarities and Jifferences between the relatively homogeneous
Dogrib population and the heterog~“eous Southwestern Ontario population at the
Adh2 and HLA-DQB1 loci.

The difference in the number of alleles and heterozygosity at the two loci
however could not be explained by stochastic processes alone. These
differences are best explained by a hypothesis involving balancing selection and

heterozygote advantage at the HLA-DQB1 locus in both populations.
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3. Examination of substitutional events at the Adh2 and HLA-DQB1 loci
argue for a nonrandom nature of mutational events and emphasize the
significance of nearest-neighbor nucleotide associations. Dinucleotide
representation is a major determinant cf sequence organization in prokaryote
sequences and the nuclear and mitochondrial genomes of eukaryotes.

An extensive analysis cf a variety of large continuous DNA sequences
from sequence databanks using the novel chaos representaton of DNA
sequences suggests that short-sequence representation, in particular for
dinucleotides appears to be genome-type specific rather than a gene-specific
property. Such features would predict a global structure to substitutions

associated with individual nucleotides in the DNA of a given species.

4. it was hypothesized that the genome-type specific global structure of a
DNA is attained under the constraint of an unknown force(s) or factor(s). This
hypothesis was evaluated by analysis of 28 mitochondrial sequences assuming a
monophyletic origin for mitochondria. Extensive chaos and representational
analysis revealed some similarities in the global sequence organization of
mitochondrial and nuclear sequences of species. Viral genomes capable of
integrating in the human nucliear genome showed greater similarity with the host
nuclear sequence organization than did mitochondrial sequence of the same
host.

5. The results and interpretations included in this thesis suggest that the
evoiution of DNA sequentiality of genes should be viewed in the dual context of
constraints related to gene function and to the genome-type specificity of higher-

order organization.
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Appendix 1. An alignment of the nucleotide sequences of the 26 known alleles
of the HLA-DQB1 locus (for review see Bodmer, 1994). Nucleotides are
identified at those positions where differences from allele 501 occur otherwise a
dash is used. A period indicates sites for which the nucleotide sequence is not
yet determined. The alignments for the entire exon sequence are contained on

three pages.
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The Fortran 77 program used to generate chaos (x,y) coordinate data from

Appendix 2

nucleotide sequences.

1.

o

OO0 0 =

0008

Generation of (x,y) coordinates

program xypairs

character*1 la,lt,Ic,lg,ua,ut,uc,ug,un,in
character string(50)*1

integer case, base

real x, y

open(unit=5,file= infile ',status="old')
open(unit=6,file="outfile',status="new’)
la='a'

it="t’

le="c’

Ig ='g|

In="n'

ua='A'

ut=T

uc="C'

ug="G'

un='N'

x=500.0

y=500.0

case=0

base=0

no let=50

continue

Reads a line of 50 characters

read(5,20,end=999) (string(i),i=1,nolet)
format(50at)

for each letter calculates the x,y values and base number

do 50 i=1,nolet

if (string(i) .eq. Ic .or. string(i) .eq. uc)then
base =4
x = (x+0.0)/2.0
y = (y+1000.0)/2.0

else if (string(i) .eq. lg .or. string(i) .eq. ug)then
base=3
x = (x+1000.0)/2.0
y = (y+1000.0)/2.0

else if (string(i) .eq. la .or. string(i) .eq. ua) then
base =1
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x = (x+0)/2.0
y = (y+0)/2.0
else if (string(i) .eq. It .or. string(i) .eq. ut) then
base =2
x = (x+1000)/2.0
y = (y+0)/2.0
else if (string(i) .eq. In .or. string(i) .eq. un) then
go to 50
else
go to 50
end if
case = case+1
write(6,40) case,base,x,y

40 format(1x,i6,1x,i1,f6.0,f6.0)
50 continue

goto 10
999 stop

end

2. Plotting of (x,y) coordinates

filename con1 "filename.ps”;

symbol1 v=point;

axis1 major=none minor=none label=none length=7in order = (0 1000);
axis2 major=none minor=none label=none |- ngth=7.125 in order = (0 1000);
*goptions device=tek4010 gepilog="18'X rotate;

goptions device=ps300 gsfname=con1 gsfmode=replace gsfmode=replace
gsflen=132 gprolog="2521'X nodisplay ftext=swissb htitle=0.5 htext=0.05
gunit=in;

options linesize=80 nodate nonumber;

title ‘filename’;

data;
drop cases bases ;

infile "[12010_3700.chaosjfilename.chaos” ;
input cases bases xvy ;

proc gplot;
plot y*x=1 /haxis=axis1 vaxis=axis2;
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Appendix 3

Determination of a z value that represents the frequency of repetition of
(x,y) coordinates in the chaos representation of DNA sequences.

1. Calculation of the frequency of repetition of (x,y) coordinates
options linesize=80;
title ‘filename’;
data;
drop cases bases;
infile "[12010_3700]filename.chaos” ;
input cases bases xy '
proc sort;
by xy;
proc means noprint;
by xy;
var x;

output out=hum n=z;

proc sort data=hum(WHERE=(7>1));
byzxy'

proc print data=hum(WHERE=(Z>1));
varxy z;

2. Three-dimensional plotting of chaos coordinates where z values
represent the frequency of (x,y) coordinates

filename con1 “filename.ps”;
*goptions device=tek4010 gepilog="18'X rotate;
goptions device=ps300 gsfname=con1 gsfmode=replace gsflen=132
gprolog='2521'X nodisplay ftext=swissb htitle=6 htext=3 gunit=pct;
options linesize=80 nodate nonumber;
title 'freq-hummt’;
data;
drop cases bases;
infile '[12010_3700j}filename.chaos” dim="";
input cases bases xvy ;
proc sort,
by xy;
proc means noprint;
by xy;
var X,
output out=hum n=z;
proc print data=hum(WHERE=(Z>1));
varxy z;
proc g3d data=hum(WHERE=(Z>1));
scatter x*y=2z/grid;
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