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THESIS ABSTRACT




During the past few years there has been exponentid growth in the availability of
biomolecular sequence information. Though, the DNA and protein sequences contain
important biologica information it can be raiondized only by careful computationd
anayss. Some of the important areas where computer andyses have played a
ggnificant role in new biologica discovery incdude functiond annotation of DNA and
protein sequences, sequence dignment, phylogenetic andyss, identification of nove
genes in genome sequences, and prediction of protein structure. With some practical
knowledge of computer programming, | redized that availability of large amount of
sequence data would provide opportunities to generate new information. In my thesis,
| have gpplied computer programming to andyze the biomolecular sequences to

address some specific questions that occurred to me.

| mportant findings of my work:

[1] Differential distribution of smple sequence repeats in eukaryotic genome
sequences:
Smple sequence repeats are ubiquitous in eukaryotic genome sequences and are
thought to contribute in genome organizetion and evolution. Avallability of complete
genome sequences now dlows determination of the extent to which repeats are
generated in a genome. Therefore, | anadyzed conplete chromosome sequences
avalable from human, Drosophila, C. elegans Arabidopsis and yeast to assess the
occurrence of mono-, di-, tri, and tetranucleotide repeats a whole

genome/chromosome levd.

In dl the genomes studied, dinucleotide repests ssem to be longer compared to other
repests. Additiondly, tetranucleotide repests in human and tri-nuclectide repests in
Drosophila dso tend to be long. Although, the trends for different repeat classes are
samilar between different chromosomes within a genome, the dendty of repeats may
vay between different chromosomes of a species. Abundance or rarity of various dr
and trinuclectide repeat classes in different genomes could not be explaned by
nucleotide compostion of a sequence or potentiad of repested motifs to form
dternative DNA dructures. This suggedts that in addition to nucleotide compostion
of repeat motifs, characteristic DNA  replication/repair/recombination  machinery
might play an important role in the genesis of repeets.



| dso examined the occurrences of codon (trinucleotide) repeeats in dl the predicted
coding DNA sequences of Drosophila, C. elegans and yeast genomes. My study has
reveded that codon repests corresponding to smal hydrophilic amino acids are more
frequent compared to codon repeats encoding hydrophobic amino acids.

Based on my andyss, | have developed a web-resource on Ssmple sequence repeats in
eukaryotic genome sequences and complete genome coding DNA sequences, which is
avalable a the URL: http://mww.nckindiaorg/ss. This resource could be useful to
identify a wide range of microsatellite loci to Sudy their sequence and postion
dependent evolution.

[2] Amino acid repeat patterns in protein sequences. Therr diversity and
gructural-functional implications:

Though smple sequence repeats originate due to errors during DNA processing, when

they occur in the coding regions it might lead to gppearance of repeated sequence

patterns in protein sequences. | have andyzed a large collection of protein sequences

from the SWISS-PROT database to assess how common are the interna repeats in

proteins and what are their implications on protein structure and function.

My dudy shows that single amino acid repests of smdl hydrophilic amino acids like
gutaming, saine, glutamic acid, glycing, and danine are more frequent in proteins
compared to repeats of hydrophobic amino acids. However, the regions containing
tandem single amino acid repeats do not seem to be clearly assgned to any functiona
domains. A few examples of single amino acid repeats in solved dructures indicate
that these regions may adopt regular as well as non-regular Structures and this could
be largdly influenced by their context in parent proteins.

Tandem oligo-peptide repeets of different types with varying leves of conservation
have been detected in severa proteins and found to be conspicuous particularly in
sructurd and cell surface proteins. Avallable Structura studies suggest that repeated
sequence patterns can lead to repested Structural patterns in proteins, particularly
when repeating units are longer (>20 residues). However, we 4ill do not know much
about the structures formed by short tandem repeats. It appears that repeated sequence
patterns may be a mechanism that provides regular arrays of spaiad and functiond

Vi



groups, useful for dructurd packing or for one to one interactions with target

molecules.

| have compiled the results of the above anayds in the form of a database of Tandem
Repeats in Protein Sequences (TRIPS) which is available at the URL: hitp://www.nck
india.org/trips. The TRIPS database gives a systematic and comprehensive picture of
repeat petterns observed in protein sequences and could be useful for further

explorations.

[3] Development of a web based software tool, TRES, for comparative promoter
sequence analysis
Computational search of promoter DNA sequences helps to identify puteative sequence
matifs possbly involved in transcription regulation. Rather than searching a single
sequence, Smultaneous andlyss of severa related sequences can be more informative
and useful to identify common regulatory modules conserved in a set of sequences.
Condgdering the effectiveness of this approach, | have developed a web based
software  tool TRES (Transcription  Regulatory  Element  Search) that  dlows
dmultaneous andyss of as many as 20 promoter sequences for putative regulatory
eements. TRES has been organized in 4 andyss tools, namely (1) Matrix-search (2)
IUPAC-gring search, (3) Palindrome search and (4) k-tuple search. TRES is
implemented on a web-server a the URL: http:/bioportd.bic.nusedu.sgitres. This
interactive web interface enables the user to sdlect program module, choose search

parameters and submit the sequences for online search.

The advantage of TRES owr other avalable programs is that severd related
sequences can be andyzed smultaneoudy and putative motifs conserved in dl or in
mgority of the sequences can be identified. Thus, motifs that occur only in one or a
few sequences, possbly due to chance, can be filtered. TRES could be used to
identify evolutionarily conserved motifs in orthologous sequences. It can be adso used
to ducidate common regulatory modules in genes tha show smilar petterns of
expresson. With ever-increesng sequence  information  avalable from  diverse
Species, comparative promoter anadlyss appears to be a promising strategy to identify
regulatory modulesin genes of interet.

VI



My thess has been organized in five chepters and highlights of the contents in each

chapter are asfollows

Chapter 1: Introduction:

| have briefly reviewed how sequence information has grown exponentidly and how
computationa andyses of nucleic acid and protein sequences helps in understanding
biologicd principles. The geneds of thess and objectives of the theds ae adso
included here.

Chapter 2. Differential digtribution of smple sequence repeats in eukaryotic
genome sequences:

In this chapter, | have presented my findings from the andyss of smple sequence
repeats in complete genome/chromosome sequences available from a few eukaryotic
genomes. In addition, occurrence of codon repests in complete genome coding DNA
sequences of Drosophila, C. elegans and yeast are al'so andyzed.

Chapter 3: Amino acid repeat patterns in protein sequences. Their diversity and
gructural-functional implications:

Here, 1 have included results of my studies on occurrences of interna repeats in
protein sequences based on the analysis of SWISS-PROT protein sequence database.

Chapter 4: Development of a web based software tool, TRES, for comparative
promoter sequence analysis.

In this chepter, | have described development of the TRES program, its advantages
and possible gpplications.

Chapter 5: Thesis Overview:
Here, | have briefly summarized important findings of my work and future

perspectives.

Theligt of referencesis given at the end.

VI



bp
cDNA
DNA
EST
ftp
HTML
http
IUPAC
kbp

mbp
MRNA
nt
ORF
PCR
PDB-1D
RNA
SSR
TF
TRES
TRIPS
URL

LIST OF ABBREVIATIONS

amino aod

base pairs

complimentary DNA

Deoxyribose Nucleic Acid

Expressed Sequence Tag

file transfer protocol

Hyper-Text Markup Language

hyper-text transfer protocol

International Union of Pure and Applied Chemistry
kilo base pairs

naturd logarithm

million base pairs

messenger RNA

nucleotides

Open Reading Frame

Polymerase Chain Reaction

Protein Data Bank Identifier

Ribose Nudeic Acid

Simple Sequence Repesats

Transcription Factor

Transcription Regulatory Element Search (program)
Tandem Repeats In Protein Sequences (database)
Uniform Resource L ocator

World Wide Web



|UPAC single letter codes for nucleotide bases:

Z<IUoUwWZTXsS®OH<ITAHOO >

or X

Adenine

Cytosne

Guanine

Thymine

Adenine or Guanine

Cytosne or Thymine
Cytosineor Guanine

Adenine or Thymine

Guanine or Thymine

Adenine or Cytosine

Cytosine or Guanine or Thymine
Adenine or Guanine or Thymine
Adenine or Cytosne or Thymine
Adenine or Cytosine or Guanine

any or unknown base

Single letter codesfor amino acid resdues:

A  Alaine C Cydene D
E  Glutamicadd F Phenyldanine G
H  Hididine I Isoleucine K
L Leucine M Methionine N
P  Prdine Q Glutamine R
S Saine T Threonine Vv
W Tryptophan Y Tyrodne X

Aspartic acid
Glycine
Lysne
Asparagine
Arginine
Vdine

any or unknown residue






INTRODUCTION:

Computer applications in nucleic acid and protein sequence anaysis

1.1  DNA sequencing: From genesto genomes
1.2  Theexpanding universe of sequence databases
1.3  Making sense from the sequence
1.3.1 Finding homologous sequences by database search
1.3.2 Sequence dignment provides indghts into evolutionary relationships and
gructure and function of a DNA or protein
1.3.3 Understanding phylogenetic relationships using sequence data
1.3.4 Prediction of RNA secondary structure
1.3.5 Predicting novel genesin genome sequences
1.3.6 Protein sequence matif andyss hdpsin understanding protein function
1.3.7 Prediction of protein structure from its amino acid sequence
1.4  Genedsof Thess




Every living organism is empowered with dl the information necessary for its growth,
development, maintenance, and reproduction. Among various macromolecules present in
the cells, DNA acts as a carier of genetic information whereas RNA and proteins alow
expresson of this information into function. The cdlular factors read the information in
the DNA and build various components that catayze dl the chemicd reactions occurring
in a cdl, sense changes in the environment, interact with each other and sdlf assemble to
form complex cdlular machineries This Central Dogma of Life has emerged as an
unifying themein dl biologicd sysems

Since the nucleotide sequence of a DNA or amino acid sequence of a protein determines
its function, knowledge of their sequence is imperdive for undersanding life processes a
molecular level. Naturdly, DNA and protein sequencing has received grest importance in
biologicd research which is evident from the amount of sequence data accumulated
during past few years. In this chapter, | have attempted to briefly review how sequence
information has grown exponentidly and how its andyss helps in discovery of new
biologicd principles.

1.1  DNA sequencing: From genesto genomes

Determination of nucleotide sequence of a DNA involves establishing chemica identities
of successve nudeotides in a specific DNA region of interest. Efficient DNA sequencing
methods were developed as early as 1977 employing base specific chemical cleavage
(Maxam and Gilbert, 1977) or chain termination usng specific di-deoxy nucleotides in
enzymatic DNA synthess (Sanger et a., 1977b). Subsequently, automated DNA
sequencers were designed that greatly reduced cost and labor in DNA sequencing (Smith
et a., 1986).

For efficent DNA sequencing, it is essentid to obtain a large amount of homogenous
preparation of DNA which is possble through cloning of desired region of DNA into a
uiteble vector and its subsequent transformation into host cels that alows rapid
multiplication and purification. The fird dep in doning of a gene involves preparation of



genomic or cDNA libraries which are then screened using oligo-nucleotides designed
from partid amino-acid sequence of a purified protein or usng a homologous gene-probe
from related species. Alternatively, cDNA expresson libraries can be screened using
antibodies developed agangt a purified protein of interest. Polymerase Chain Reaction
(PCR) provides another rgpid method to amplify DNA region of interes that can be
cloned or sequenced directly.

With the avallability of automated DNA sequencers, Adams et d., (1991) suggested that
a large number of randomly sdected cDNA clones could be sequenced economicaly and
this could be a fast approach to discover new genes. They termed these sequences as
Expressed Sequence Tags (EST) and showed that ESTs could also be used as markers to
congruct saturated genome maps and identify coding regions in genomic sequences. This
approach has become popular rapidly and thousands of ESTs from different tissues of a
wide range of organisms have been obtained during the past one decade.

Since the DNA caries dl the genetic information, it was redized that deciphering
complete genome sequence of a species could be a mgor step in understanding biological
processes a molecular level. For complete genome sequencing of a microbia or an
eukaryotic genome, two different strategies have been used: clone by clone gpproach and
whole genome random shotgun sequencing. In clone by clone approach, first large insert
libraries representing whole genome or a single chromosome are congructed followed by
mapping of individud clones to obtain overlgpping series of clones gpanning an entire
chromosome or a genome. These mapped clones are then sequenced one by one to obtain
a complete sequence. Venter and his colleagues (Fleischmann et d., 1995) suggested
whole genome random shotgun sequencing and computer asssted assembly of sequences
to obtan a complete genome sequence. Statidtica analyss indicates that when whole
genomes are randomly sequenced in sufficient excess (6X to 8X fold) more than 99.9%
sequence coverage can be obtained. However, sophisticated computer tools are required
to dign and overlgp a large number of single pass random sequences. A combination of
grdl-insert (~2 kbp) and large-insert (~15-20 kbp) libraries helps to obtain overlaps
across large segments. After find assembly, sequence gaps are closed following clone by



clone gpproach. The advantages of the shotgun method are tha initid efforts in mapping
large-insert clones are not required and with the help of automated sequencers the cost
per sequencing of a base can be markedly reduced.

The firs genome ever sequenced completely was that of bacteriophage f X-174 (Sanger
et d., 1977a). Later, complete sequence of the firs mitochondrid genome from human
(Anderson et a., 1981) and the firs chloroplast genome from tobacco (Shinozaki et d.,
1986) were obtained. In 1995, Fleischmann et a., were able to sequence complete
genome of a bacterium Haemophilus influenzae applying whole genome random shotgun
sequencing. That was the firgt free living organism to be sequenced completdy, which
marked the beginning of a new era of genomics (Table 1.1). Subsequently, complete
genome sequencing of the firs eukaryote, yeast (Goffeau et d., 1996) and the firg
multicdlular organism, C. elegans (The C. elegans Sequencing Consortium, 1998) were
achieved. The greatest accomplishment of these efforts has been unraveling of the
complete DNA sequence of the human genome (Venter et a. 2001; Internationd Human
Genome Sequencing Consortium, 2001). Indeed, it is an agtonishing achievement for
biologists that within a span of a decade complete genomes of human, 4 other eukaryotes,
9 archea, 36 bacteria, severd viruses and organdles have been sequenced, with many

more genomes in pipeine,

1.2  The expanding univer se of sequence databases:

For rapid disssminaion of sequence information and ther maximd utilization,
researchers deposit their newly sequenced data in the central databases like GenBark,
DNA Databank of Jgpan (DDBJ), and/or EMBL Nucleotide Sequence Database that
accept, curate, maintain and distribute DNA and/or protein sequence information. Due to
advances in recombinant DNA technology and automated DNA sequencers, sequencing
has become an easy and highly productive effort for researchers. Consequently, the
amount of avalable sequence information has increased exponentidly during the pest
two decades (Table 1.2). Moreover, high throughput sequencing efforts to obtan

expressed sequence tags and complete genome sequences continue to food the sequence



databases. Concurrently, the spread of Internet throughout the world has revolutionized

the way data can be disseminated and retrieved. Now, any researcher connected to the

worldwide eectronic network through a computer can access up-to-date sequence

information anytime and anywhere in the world. The avalability of search engines and

sequence andyss tools on the web have dlowed rapid andyss of data to obtan

meaningful information and help researchers in designing experiments.

Table 1.1 Important milestones in genome sequencing

Organism Genomesze Yearof  Reference
(bp) completion
Phage/ Organelles
Bacteriophage: f X-174 5,386 1977 Sanger et al., (1977a)
Bacteriophage lambda 48,502 1982 Sanger et dl., (1982)
Human mitochondrion 16,569 1981 Anderson et al., (1981)
Tobacco chloroplast 155,939 1986 Shinozaki et d., (1986)
Bacteria/ Archea
Haemophilus influenzae 1,830,137 1995 Felschmann et ., (1995)
Mycoplasma genitalium 580,070 1995 Fraser et d., (1995)
Methanococcus jannaschii 1,664,970 1996 Bult et d., (1996)
Bacillus subtilis 4,214,814 1997 Kuns et d., (1997)
Escherichia coli 4,639,221 1997 Blattner et d., (1997)
Mycobacterium tuberculosis 4,411,529 1998 Coleet d., (1998)
Vibrio cholerae 4,033,460 2000 Heidelberg et d., (2000)
Eukaryotes
Saccharomyces cerevisiae ~12,068,000 1996 Goffeau et d., (1996)
Caenorhabditis elegans ~95,530,000 1998 The C. elegans sequencing
consortium (1998)
Drosophila melanogaster ~120,000,000 2000 Adamset d., (2000)
Arabidopsis thaliana 115,409,949 2000 The Arabidopsis Genome
Initiative (2000)
Human Genome
Chromosome-22 33,618,270 1999 Dunham et d., (1999)
Chromosome-21 33,824,148 2000 Hattori et al., (2000)
Human genome draft ~2,910,000,000 2001 Venter et d., (2001);
sequence International Human Genome

Sequencing Consortium (2001)




Table 1.2: The growth of sequence datain GenBank*

Year Number of Base Pairs Number of Sequences
1982 680,338 606
1985 5,204,420 5,700
1990 49,179,285 39,533
1994 217,102,462 215,273
1996 651,972,984 1,021,211
1998 2,008,761,784 2,837,897
2000 11,101,066,288 10,106,023

* http://www.nchi.nlm.nih.gov/Genbank/genbankstats.html (Jan. 2001)

1.3  Making sensefrom the sequence:

The sheer volume of sequence data makes use of computers inevitable in Storage,
curation, annotation, mining, dissemination and andyds of sequence information.
Though DNA or protein sequences contain important biologicd information, it is hard to
meke any sense from medy examining a sequence. It is only by further careful
computationd andyds that any information contained in a sequence can be understood.
Andyss of an individud DNA or protein sequence hdps identify previoudy
characterized sequence features that can give importart indghts into the dructure and
function of a gene or a protein. Besdes, compardive andyss of a large collection of
sequence datast can be useful in discovering  unifying  principles in biology and
understanding evolutionary relationships. However, before application of computationa
tools for information anayss, it is essentid to know how information is stored in DNA,
how genes are organized and expressed, what are the features of proteins, how they fold
and how they function (Figures 1.1 and 1.2). Indeed, these principles should direct any
computationd andyss amed a unraveling biologica information hidden in DNA and
protein sequences.



Information in the DNA sequences:
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Information in the protein sequences.
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1.3.1 Finding homologous sequences by database sear ch:

Whenever a new sequence is obtained, the firs approach for its functiona annotation is
to check whether amilar sequences have been sudied earier. If sSmilar sequences are
available, information about their function or dructure can be extended to the new
sequence. For example, when Pto resstance gene in tomato was mapped it was not
known how it conferred resstance to the races of Pseudomonas. However, when this
gene was later cloned, its deduced amino acid sequence reveded Smilarity to serine-
threonine protein kinases, suggesting a role for Pto in dgnd transduction pathway
triggering defense response (Martin e d., 1993). Thus homology search provides a
powerful tool to assgn function to new sequences obtained from genome sequencing,
map based cloning, random cDNA sequencing (ESTs), differentid display or subtractive
hybridization.

Typicadly adatabase search program accepts a query sequence and digns it with each and
every sequence in the database and reports whenever it finds sgnificant smilarity. For
parwise sequence dignment, dynamic programming dgorithms ae guaranteed to find
maximal Smilarity. However, they are highly time consuming and hence are not suiteble
for scanning large datdbases. Therefore, fagt dgorithms that seek locd dmilaity are
employed in database search programs. In contrast to global smilarity agorithms that try
to optimize overdl dignment of two sequences locd dmilarity adgorithms seek only
relaively conserved subsequences that could be done very fast if gaps need not be
consdered. These methods are more useful particularly when comparing a cDNA
sequence againg a genomic sequence or when disantly related sequences share only
isolated regions of smilarity probably around functiondly important regions,

Wilbur and Lipman (1983) proposed a rgpid smilaiity search dgorithm useful for
database search. In the firg gep, locations of dl the k-tuple matches between a query
sequence and a database sequence are determined in a single pass. Further, rather than
conddering dl k-tuple matches, only those occurring in a specified window on
ggnificant diagorels are compared and adignment caculated. With the optima k-tuple

10



and window size, this program could rapidly search a large sequence database. Later,
Lipman and Pearson (1985) and Pearson and Lipman (1988) implemented modified
versions of the above dgorithm as FASTA programs, which soon became popular due to
their speed, sdectivity and sengtivity. In the FASTA programs, initidly a lookup teble is
used to locate dl identities or group of identities (k-tuples) between two DNA or protein
sequences. Next, the regions are scanned using a scoring matrix and the best regions
above a catan threshold are saved. Then, the initid regions are joined optimaly usng a
more rigorous dynamic programming agorithm to give most optimd aignment.

Altschul et d. (1990) used locd dignment approach to device a highly repid Basic Locd
Alignment Search Tool (BLAST). Briefly, BLAST tries to identify the highest scoring
pairs of identicad length segments between two sequences (MSP- Maximd Segment
Pair). While scaming through a sequence, BLAST quickly determines whether the
sequence contains a word of length ‘w' that can pair with the query sequence with a score
more than a certain threshold vaue T'. All such hits are extended to check if they can
atan a minimum score of 'S. Simulation studies by scanning of random sequences
agang a test database, have dlowed determination of optima vaues for ‘'w', 'T" and 'S
and have dso permitted to assgn datidicd sgnificance to high scoring MSPs detected
by BLAST.

In further modification of BLAST, raher than conddering single hits with higher
threshold 'T", smultaneous occurrences of two non-overlgpping hits with lesser threshold
'T' are conddered (Altschul et a., 1997). Non-overlapping MSPs can be then digned
dlowing ggp and yet time can be kept to a minimum. In the Pogtion Specific Iterated
BLAST (PSI-BLAST), datidicdly dgnificant dignments produced by BLAST ae
combined to creste a profile matrix, which is then used in additiona round of database
search to detect wesk gmilaritiess Many DNA or protein sequences contain small
gructurdly or functiondly important regions, domans or sequence paterns and
rescarchers are interested to know other related sequences with smilar patterns. To
facilitate such analyss, Zhang et d., (1998) developed a Pattern Hit Initiated BLAST
(PHI-BLAST) program wherein usars can submit a sequence aong with a specific pattern

11



contained in it. The PHI-BLAST firgd scans the database for sequences containing the
pattern and then compares such sequences with query sequence using BLAST dgorithm.
A centrd BLAST database search facility availdble at  http:/iMmww.nchbi.nim.nih.gov/blast
provides a convenient interface to search the DNA or protein sequences against up-to-
date sequence databases.

1.3.2 Sequence alignment provides insights into evolutionary relationships and

sructure and function of a DNA or proten:

Researchers are  often interested to compare two sequences to determine thelr
evolutionary relationships or to judge any gmilaity in ther dructure or function.
Sequence dignment can be defined as a sequentia display of two or more sequences
dlowing gaps 0 as to reved maximum sSmilarity. In other words, sequence dignment
cdculales minimum number of mutationl events required to convert one sequence into
another. Sequence dignment would have been easy if there were no insetions or
deletions occurring in DNA. In such cases, optima aignment could be obtained merdy
by diding one sequence againgt another. However, since insations or deetions occur
frequently in genomic DNA, the sequence dignment problem becomes complex and
computationdly chdlenging.

Needleman and Wunsch (1970) were the first to propose a rigorous method applicable to
find gmilarity between two sequences. Briefly, to dign two sequences of length m and n
an m X n matrix is created where each dement mat;;, represents smilarity score between
i and {" dements of two sequences. Then, the maximum match pathway is obtained by
beginning a the terminds of the sequences (bottom-right corner) and proceeding towards
origin (top-left corner). The maximum dignment score a pogtion (i) is obtaned by
adding mat;; score plus the higher vaue among ether of dignment score & matj+1)j+1) Or
maximum dignment score in row (i+1) or column (j+1) after correcting for ggp pendty.
At this dage, each of the dignment score represents maximum Smilarity  between
subsequences gtarting a postions (i) and (j) in two sequences. When one reaches the
origin, the maxima aignment score is dready obtained and then dignment is written by
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tracing back the path. Using appropriate scoring matrix and gap pendty, this agorithm
guaranties to reved maximum dignment between two sequences. Smith and Waterman
(1981) dgorithm is another widely used method that provides an efficient modification of
dynamic programming agorithm to identify common molecular subsequences between

two long sequences.

Smultaneous dignment of severd related sequences is useful to determine phylogenetic
rdaionships and identify dructuradly or functiondly important conserved regions. For
example, when Yanofsky et a., (1990) cloned agamous homeotic gene from Arabidopsis,
its deduced amino acid sequence showed smilarity to Antirrhinum homeotic gene def A
human Serum Response Factor and yeast transcription factor MCM-1. Multiple
dignment of these sequences reveadled ~56 residue conserved region (termed MADS Box
domain) important for DNA binding and dimerization. Later, this doman has been found
to be conserved in a large number of transcription factors involved in key developmenta
processss in a diverse range of eukaryotes including yeedt, plants, insects and mammas
(Shore and Sharrocks, 1995).

Clustad-W (Thompson et d., 1994) is one of the most commonly used multiple sequence
dignment programs. It fird cdculaes parwise smilaity scores between dl possble
sequence  combinations and then based on gmilaity matrix a tree is congructed
folowing neighbor joining method. Using such a tree, most similar sequences are
progressively digned subgtituting the consensus for each pair as they are digned. Cludal-
W dso dlows differentia weighting of sequences based on the extent to which they are
related. Users can sdlect various dignment parameters like scoring métrix, k-tuple sze,

gap-opening and gap-extension pendties.
1.3.3 Understanding phylogenetic relationships using sequence data:

DNA replication may not be dways fathful due to rare fallure of DNA proof reading
machinery or due to misreading of a base that has undergone chemicd change. On an
average, 1 in 10°-10® nudeotides is likdly to be mutated per generation in different
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gpecies (Avise, 1994) and the sustenance of such mutations depends on the extent to
which they affect the function. If two evolutionarily related sequences having a common
ancestor are digned, the changes that have occurred in them can be reveded. Since
mutation rates a a particular locus are farly congant over time (molecular clock), it is
safe to assume that higher the number of changes observed in two orthologous sequences
longer is the evolutionary time eapsed since ther divergence. Thus, multiple sequence
dignment of related sequences can be used to congtruct evolutionary history of genes or
of the species to which they belong.

For congruction of phylogenetic tree from sequence data, either distance matrix methods
or character set methods are used (Saitou, 1996). In distance matrix methods, firg, al the
sequences are digned in pairwise combinations and genetic distances between them are
cdculated. Then usng disance matrix, trees are condructed following UPGMA
(unweighted pair group method using arithmetic mean) or Neighbor Joining Method.  In
the programs that use complete character data set (eg. multiple dignment), information
a dl orthologous postions in a st of sequences is conddered while building a tree.
Minimum Evolution Method, Maximum Parsmony Method and Maximum Likdihood
Method are some of the important approaches that use complete character data for
phylogenetic andysis. Researchers have extensvely used nucleotide and/or amino acid
Ssequence information from various genes and/or proteins like globins, acting, histones,
cytochromoes, Rubisco, ribosomal-DNA, mitochondrial DNA and/or chloroplast DNA to
decipher evolutionary reaionships between diverse families genera, species and
populations.

Though sequence data is highly useful to undersand relative evolutionary distance, care
is essentid before edimating time of divergence assuming congant molecular clock. This
is mainly because, different nuclectide / amino acid Stes in a sequence can evolve a
markedly different rates due to ther varying functiona dgnificance and varying sdection
pressure. Indeed, it is known that mutation rates vary consderably depending on various
factors such as the pogtion of a nucectide within a codon (synonymous / non

synonymous subgtitution), region of a gene (exon or intron), function of a gene and
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region of a DNA (coding / non-coding) (Avise, 1994). Besdes, pardld mutationa events
and the revershle nature of subdtitutions may confuse the estimated number of mutations
(molecular ticks) and thus estimated divergence time. Nonetheess, with appropriate care,
DNA and protein segquences provide one of the finest records of evolutionary history ever
snce the life originated on the earth.

1.3.4 Prediction of RNA secondary structure:

Ribonucleic acids play important role in the flow of information from DNA to proten.
The messenger RNAs (MRNA) act as template for protein synthess whereas ribosomal
RNAs (rRNA) and transfer RNAs (tRNA) form integrad components of the protein
gynthesis machinery. Unlike DNA, ribonucleic acids are syntheszed as single stranded
molecules with every nudeotide having potentid to base par with every other
complementary nuclectide in the same molecule. The mgor dabilizing events in RNA
folding comprise spontaneous emergence of double stranded stretches resulting from base
paring across complementary regions. These helical regions are generdly short (<10 bp)
and often interrupted by bulges, loops, hairpins, pseudo-knots or junctions. In contrast to
DNA, double stranded RNA helices adopt Aform structures and in addition to Watson
Crick base paring (A-U and GC), they show severd noncanonica base pairs like GU,
U-C, U-U and highly stable tetraoops like 5UNCG-3' or 5GNRA-3 (Puglis and Puglis,
1997). An optima three-dimensond folding of an RNA molecule minimizes free energy
of the <olution facilitated by maxima base paring between the complementary
nucleotides and plays important role in dability, cadytic function, splicing and/or
locdlization of RNA.

Several methods have been proposed for the prediction of RNA secondary structure using
the nucleotide sequence information of an RNA molecule which helps in understanding
RNA function (e.g. Tinco et d., 1971; Zuker and Stiegler, 1981; Gautheret et d., 1990;
Zuker, 2000). These methods consder the experimentdly calcuated free energy
paaneters for RNA base paring, hdix initiation, heix progresson and hairpin
formation (eg. Freer e d., 1986). Then, from the vast search space involving al
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possble combinations, most optima folding dretches are cdculated employing dynamic
progranming dgorithm. In addition, information about the experimentaly identified
double dranded regions or phylogenetically conserved regions can be used to narrow
down the search space (Jaeger et d., 1990; Gorodkin et d., 1997). Availability of
powerful computing mechines and efficient dgorithms now pemits relidble RNA
secondary  dructure prediction of not only the smal molecules like tRNA, but even the
large virad RNA genomes like HIV and Hepatitis C Virus (Hofacker et d., 1998).

1.3.5 Predicting novel genesin genome sequences.

In high-throughput genome sequencing projects, once large genome sequences ae
assembled the next immediate dep involves masking of repetitivellow  complexity
regions followed by identification of genes contained in it. Though a database search can
conveniently detect previoudy characterized genes, the rea computationd chdlenge lies
in the prediction of novel genes in genome sequences. Since a large number of genes are
unknown in different organisms, prediction of new genes can hep researchers to design
experiments to determine thelr function and discover missng links in metabolic pathways
or other life processes.

Predicting genes in bacterid genomes is rdatively easy snce bacterid protein coding
regions condst of contiguous Open Reading Frames (Claverie, 1997). On the other hand,
identification of novel genes in eukaryotic genome sequences is a more complex problem
snce eukaryotic protein coding regions are frequently interrupted by non-coding introns.
For example, the human genome sequencing has reveded tha a single human gene may
contain upto 178 exons with an average of ~9 exons per gene (Internationd Human
Genome Sequencing Consortium, 2001). Moreover, for human genes, the length of exons
may range from ~19 bp to more than ~17 kbp (mean ~145 bp, median ~122 bp) while an
intron may span from ~60 bp to more than ~30 kbp (mean ~3300 bp, median ~1023 bp).
Ovedl, only ~1.1% of the human genome sequence has been found to be encoded by
exons and ~24% by introns with remaining ~75% of the sequence is intergenic (Venter et
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d., 2001). The intricacy of finding genes in genome sequences is further complicated by
the possibility of overlgpping genes and dternate splicing Sites.

Prediction of genes in eukaryotic genome sequences is essentidly the accurate prediction
of exons and then condructing complete gene structures. For the ease of prediction, 4
types of exons can be digtinguished: initid exon (transcription initiation dte to firgd 5
solice junction), internd exon (3 splice junction to 5 splice junction), termina exon (3
glice gte to transcription termination dgnd) and dngle exon genes (Burge and Kalin,
1998). The sequence features that help in prediction of exons include transcription
sgnds, trandation sgnds, splicing sgnds and characteridic frequencies of nucleotides
in coding and non-coding regions. Moreover, the sSmilarity of a predicted exon to a
known EST, cDNA or gene, not only confirms the reiability of prediction but aso helps
in assgning function. After finding out the most probable exons the next important task
involves the prediction of a complete gene dructure so that they can be fitted into a
coherent gene modd. A complete gene structure would congtitute promoter regions with
putative regulatory dements, the transcription initiation dSte, clearly marked introns and
exons, trandation signalss, protein coding region, and poly-adenylation sgnds.

Severd computationad tools have been developed that predict putative exons and
complete gene models in genome sequences. The GENESCAN program (Burge and
Karlin, 1997) uses a generd probabilistic model of gene dructure incorporating basic
transcriptiond,  trandaiona and splicing sSgnds as wdl as length distributions and
compostiona festures of exons, introns and intergenic regions. The GRAIL suite of
programs (Uberbacher et d., 1996) use neural network method for prediction of protein
coding exons and polymerase-1l promoter regions in genome sequences. In the Genie
gene finding program, hidden Markov models are used integraing the information based
on dgnd sensors (eg. splice dtes, tart codon), content sensors (exons, introns and
intergenic regions) and dignments with mRNA, ESTs and peptide sequences (Reese et
d., 2000). It has been observed that configuration of gene prediction programs with
gpecies specific content / sgna parameters greatly help in accurate prediction of nove

genesin genome sequences.
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1.3.6 Protein sequence motif analysis helpsin under sanding protein function:

Many proteins are locdized in the specific compartments like mitochondria, chloropladt,
nucdeus or membrane of the cdl. This information for proten targeting is generdly
encoded in the N-termind domain of the protein spanning ~20-30 amino acid residues.
Signa peptide sequences and their cleavage sStes have been studied from a large number
of proteins and this knowledge base heps in the prediction of protein targeting Sgnd and
subcdlular locdization of new proteins (Claros et al., 1997).

Protein dructures are frequently modular in nature with disinct domains performing
diginct functions. In a protein, often, a few specific regions play important role in protein
function, for example in ther binding properties or enzyme activity, and tend to be
conserved in both sructure and sequence (Hofmann et d., 1999). These conserved
regions are known as motifs, patterns, profiles or sgnatures and can be identified from
multiple dignment of related proten sequences. Protein sequence motifs may span from
a few to severad resdues and the degree of conservation may vary across the moatifs.
Identification and characterization of protein sequence moatifs or critical resdues in them,
isimportant in understanding protein function.

For comprehensive description of a motif, it is essential that diverse members of a protein
family are sdected and an accurate dignment of the sequences is obtained. However,
care should be taken not to over-represent too smilar sequences and apart from sequence
conservation, there should be additional experimenta evidence to demondrate tha the
consarved region is important for structure or function of the protein (Bork and Gibson,
1996). From the aignment block, motif sequence can be described as a consensus
sequence or as a weight matrix description. In the consensus method, dl the observed
resdues a a paticular location are congdered equdly likely. However, this is rardy a
case and different resdues & a podtion can have different specificities The profile or
position weight matrix (PWM) of a motif consders the relative frequency of observed
resdues as an indicator of their reaive importance. Thus, weight matrices are more

sendtive and provide quantitative estimate of motif function.
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Searching a query sequence againgt a collection of known sequence motifs heps to
identify ggnificant paitern(s) that permits assgnment of function to new proteins
Smilaly, andyss of a proten sequence database udng a motif sgnature dlows
detection of new members of a proten super family. The PROSITE database (Hofmann
et d., 1999) is one of the earlies atempts in compilation of protein sequence motifs
initiated since 1988. In PROSITE, protein sequence motifs have been origindly defined
as consensus sequences. However, conddering the specificity and sengtivity offered by
weight matrices, efforts are being made to define them as profile descriptions. The
BLOCKS database (Henikoff et a., 2000) provides a collection of ungapped multiple
dignments of motif sequences of diverse members of various protein families. The Pfam
database describes modular domain dructures of protein families usng profile hidden
Markov models (Bateman et a., 2000). SMART (Smple Modular Architecture Research
Tool) is another ussful database that alows identification and annotation of geneticaly
mobile domains and domain architecture (Schultz et d., 2000).

1.3.7 Prediction of protein structure from itsamino acid sequence:

The mgor determinant of the protein structure is the peptide backbone itsef with its
characterigtic planar peptide bond, phi-ps  rotations and dud hydrogen bonding
cagpabilities. With repeating vdues of certan phi-ps angles, the hydrogen bond donors
and acceptors can be juxtaposed and hydrogen bonding can be satisfied within the
peptide backbone itsalf. Two types of repeating structures are common in proteins. apha-
helices and beta-sheets. The dpha-hdix is formed by repeated hydrogen-bonds between
carboxyl group of ()™ residue and amino group of (+4)" residue, with repested phi-ps
values of about -60° and -40°. On the other hand, the beta-strands are formed by repeated
phi-ps vaues near -120° and 140° and regular hydrogen-bonds extending from one
drand to another smilarly adigned srand (Richardson and Richardson, 1989). Often,
during protein folding, these seconday dructures arise spontaneoudy by locd
interactions. Further, adjacent secondary units pack and serve as building blocks, folding
nucdle or domains and consequently, the correct arrangement of al functiona groups in
gpace facilitates the protein function.
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In 1961, Anfinsen and coworkers showed that ribonuclease could be completely
denatured and then refolded again without loss of enzymatic activity implying that amino
acid sequence of a protein contains sufficient information for its correct 3-dimensond
confirmation in a particular environment. This observation prompted researchers to
develop methods to predict the structure of a protein from its sequence aone.

Though secondary dructures are stabilized by peptide backbone groups, the side chains
of amino acids can have profound effect on secondary sructure by imparting congraints
on rotation and by competing for hydrogen-bonds. Anadyses of severd high-resolution
protein dructures have helped to determine how a particular resdue behaves in a
paticular confirmation. For example, asparagine and serine are frequently found a helix
initigtion (N-cgp) whereas glycine is one of the most common helix terminator (C-cap)
(Richardson and Richardson, 1989). On the other hand, conformational congtraints of
proline make it unfit for any regular secondary structure and many a times it acts as a
bresker of dpha hdix and beta-strand. The protein secondary structure prediction
programs make use of this knowledge base and cdculate propensty of the given
polypeptide region to adopt a particular secondary structure.

For the prediction of protein secondary dructure, ChouFasman method uses the
propensties of amino acid resdues for occurrence in helix, beta-sheet and coil, calculated
from datasets of high resolution sructures (Prevelige and Fasman, 1989). The GOR
method which uses information theory for secondary dsructure prediction (Granier and
Robson, 1989), assumes that confirmation of a resdue is not only determined by the
nature of the resdue itself but by every other resdue in the neighborhood. However, for
the ease of prediction, GOR method considers effects of 8 resdues on each sde of a
resdue. The PHD method uses neura-network approach for prediction of secondary
gructure (Rost, 1996). Whenever a new sequence is submitted, it is scanned agangt a
database and the profile multiple dignment obtained is fed through the pre-traned neurd
network, which gives probability of each resdue to be in helix, strand or loop.
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Prediction of protein tertiary sructure is a more complex problem unless a sequence
homolog is avalable in the dructure database. In homology modeing, firs the query
sequence is scanned againg the Sructure database to pick up structures with a smilar
sequence. A reference sructure with more than ~30% identity spanning dong a maor
pat of the sequence is conddered highly useful. The backbone co-ordinates of the
reference sructure are obtained and resdues from the query sequence are threaded at
andogous pogtions. Energy-minimization steps are then caried out so that dl the
instions-deletions can be smoothened and dl the resdues adopt optima postions under
given condraints. In the absence of dructure homologs, sequence structure threading or
ab initio methods can be attempted.

14 Genesisof Thesis:

When | joined the Plant Molecular Biology Unit a Nationd Chemicd Laboratory, my
initid work was on identification of molecular markers linked to some qudity characters
in wheat. During the same time, | darted learning computer programming using a "C"
compiler ingtdled on a computer in the laboratory. | found the data encoding and data
hendiing tods in "C' to be very efficient and redized that with the logicd desgn and
implementation of programs, computers could be easly hanessed for large-scde

computation.

While learning computer programming | aways used to think how it could be gpplied to
solve biologicd problems. | redized that avalability of a large amount of sequence data
provides enormous opportunities to unravel biologicd information hidden in DNA and
protein sequences. This thess is thus an outcome of my efforts to goply computer
programming for anadyds of biomolecular sequences to address some specific questions

that occurred to me.
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The specific objectives of my thesswere:

1. To assess the organization of sSmple sequence repests in eukaryotic genome
sequences.

2. To andyze the exent of codon reterations in complete genome coding DNA
sequences of yeast, C. elegans and Drosophila.

3. To dudy occurrence of various kinds of internal repests in protein sequences and
andyze implications of repetitive sequence patterns on protein structure and function.

4. To sysemdicaly describe and develop a database of Tandem Repeats in Protein
Sequences.

5. To develop computationa tools for comparative promoter sequence anayss.

The reaults of the work carried out to fulfil the above objectives have been presented in
the form of following four chapters apart from the present chapter of introduction:

Chapter 2 Differentid didribution of smple sequence repeats in  eukaryotic
genome sequences
Chapter 3 : Amino acid repeat patterns in protein sequences : Ther diverdty and

structura-functiond implications

Chapter 4 Development of a web based software tool, TRES for comparative
promoter sequence andysis

Chapter 5 : Thessoverview
References






ABSTRACT:

Smple sequence repeats are ubiquitous in eukaryotic genome sequences and are
thought to contribute in genome organization and evolution. | andyzed complete
chromosome  sequences  avalable  from  human, Drosophila melanogaster,
Caenorhabditis elegans, Arabidopsis thaliana and Saccharomyces cerevisiae (yeast)
for the occurrence of mono-, di, tri- and tetranucleotide repeats. All these genomes
exhibited characterigtic microsadlite didributions. | observed that though the trends
for different repeets were smilar between different chromosomes within a genome,
the dendty of repeats might vary between different chromosomes of the same species.
Abundance or rarity of various di and trinucleotide repests in different genomes
could not be explained by nucleotide compostion of a sequence or potentid of
repested motifs to form dternative DNA dructures. This suggests that in addition to
nucleotide composition of repest moatifs, characterigtic DNA
replication/repair/recombination  machinery might play an important role in the
genesis of repeats. Moreover, andyss of complete genome coding DNA  sequences of
Drosophila, C. elegans and yeast have indicated that expansions of codon repeats
corresponding to smal hydrophilic amino acids are tolerated more, while strong
selection pressures probably eliminate codon repeats encoding hydrophobic and basic
amino acids. The locations and sequences of dl the repeat loci detected in genome
sequences and coding DNA  sequences have been made avalable a the URL:
http://Aww.nckindiaorg/ss and could be useful in further genetic sudies.
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2.1 INTRODUCTION:

Mutation, recombination and duplication are key events tha generate variability and
thereby facilitate evolution. DNA duplications occur a various levels induding entire
genome (polyploidy), chromosome, pat of a chromosome, entire gene or DNA
segments of a few to hundreds of bases. Among various DNA duplication events,
smple sequence repeats (SSR) or microsatdlites are the genetic loci where one or a
few bases are tandemly repested for a varying number of times. Simple sequence
repeats in DNA originate primarily due to dipped-strand mis-pairing and subsequent
eror(s) during DNA replication, repair or recombination (Levinson and Gutman,
1987; Figure 2.1). Microsatdlite loci mutate by insertions or deletions of one or a few
repeat units and with the increase in the length of repeat tracks, these loci become
more susceptible to DNA strand dippage and show devated mutation rates (Wierdl et
a., 1997). It has been obsarved that microsatelite loci are highly ungable with the
mutation rates of ~10° to 10® per locus per generation as compared to norma DNA
base substitution rates of ~10° to 10° per base per generation (Ellegren, 2000b).
Consequently, microsatdlite loci show high length polymorphism and therefore, they
are widdy used in DNA-fingerprinting and diversty sudies. Moreover, since they
can be eadly assayed by PCR using unique flanking primers, they are consdered to
be ided genetic markers for condruction of high dengty linkage maps (Beckmann
and Soller, 1990; Morgante and Olivieri, 1993).

Smple sequence repeats ae densdy interspersed in eukaryotic genomes and are
thought to be a mgor source of quantitative genetic variation (Kashi ¢ a., 1997) and
have been adso implicated in promoting recombination (Mgewski and Ott, 2000).
During the past decade, severa human neurodegenerative diseases have been found to
be asociaed with dynamic mutations occurring a microsatelite loci within or near to
specific genes (Ashley and Warren, 1995; Table 2.1). Therefore, there has been an
increesed  interest to undergtand the molecular mechaniams involved in  origin,
evolution and expangon / ddetion of microsatellites. Formation of aternative DNA
dructures, like hairpins or intramolecular triplexes, have been implicated in
expansions of (CTG)n.(CAG)n, (CCG)n.(CGG)n and (GAA),.(TTC), repeats (Pearson
and Sinden, 1998; Mitas, 1997).
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Figure 2.1 A schematic diagram showing mechanism of strand dippage involved in

the genesis of Smple sequence repesats
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Table2.1: Trinucleotide repests in human genetic diseases ?

Disease Repesat Repesat length Possible biologicd effect
Normal Pathogenic of expansion

Fragile XA (CGG)n 6-52 230-2000 Promoter methylation,
geneslendng

Fragile XE (CCG)n 4-39 200-900 -

Fragile XF (CGG), 7-40 306-1008 -

Fragile 16a (CCQ), 1649 1000-1900 -

Jacobesen syndrome (FRA11B) (CGG), 11 100-1000 -

Kennedy syndrome (SMBA) (CAG), 14-32 4055 Polyglutamine expansion,
protein mafunctioning

Huntington disease (HD) (CAG), 10-34 40121 -

Spinocerebdlar ataxial (SCAL) (CAG), 6-39 40-81 -

Spinocerebdlar ataxia2 (SCA2) (CAGhK 14-31 3459 -

Spinocerebdlar ataxia3 (SCA3) / (CAG)n 1344 60-84 -

M achado-Joseph disease (MJD)

Spinocerebd lar ataxia 6 (SCAB) (CAG)n 4-18 21-28 -

Spinocerebdlar ataxia 7 (SCA7) (CAG), 7-17 38130 -

Haw River Syndrome (DRPLA) (CAG), 7-25 4975 -

Mytonic dystrophy (DM) (CTG), 5-37 80-1000 Repeststrack in3 UTR,
atered mMRNA processing

Friedreich ataxia (FRDA) (GAA), 6-29 200-900 Repeatstrack inintron,
atered MRNA production

4 Adapted from Sinden (1999)

Sudiesin E. coli (Kang et al., 1995) and yeast (Freudenreich et d., 1997) have shown
that dability of (CAG), repeats vaies with therr orientation relative to direction of
replication. This has been dtributed to differences in hairpin propensty for (CAG),
and (CTG), dretches that can occur either on leading strand or lagging srand

depending on the direction of

replication. Microsatdlite ingtability has been adso

found to be influenced by mutations in genes involved in mismatch repair (Sa et d.,
1997) and DNA replication (Kokoska et d., 1998). However, Miret et d., (1997) have
observed little or no difference in (CAG), repesat indability in yeast drains containing

disuptions in mismatch repair genes MSH2, MSH3 or PMSL or recombination gene

RAD52.



Frequencies of various microsadlite sequences in different genomes have been
edimated experimentaly by hybridization technique (eg. Hamada et d., 1982, Tautz
and Renz, 1984; Panaud et a., 1995). However, this could not be done accurately
udng digo-nucectides like (AT),, (GC), that can sdf-complement. With the growth
of sequence databases, several authors have reported the abundance of simple
sequence repedts in different genomes (e.g. Beckman and Weber, 1992; Wang et d.,
1994; Jurka and Pethiyagoda, 1995, Hancock, 1995; Richard and Dujon, 1996;
Bachtrog et d., 1999; Kruglyak et a., 2000). In a recent survey, Toth et al., (2000)
have examined the didribution of microsadlites in exonic, intronic and intergenic
regions of severd eukaryotic taxa Differentid abundance of repeats in different
genomes has led them to suggest that strand-dippage theories done are insufficient to
explain characterigic microsatellite digtributions.

Knowledge of reative distribution of smple sequence repests in a genome, is
essentid for understanding mechanisms involved in ther geness. However, most of
the previous studies on microsatellite digtributions were based on DNA  sequence
databases over-represented by coding or gene-rich regions. On the other hand,
availability of complete genome sequences now  pemits the determingtion of
frequencies of SSRs a the whole genome leve, which should reflect basa leve of
SSR dynamics within a species. In this chapter, | have anadyzed the occurrences of
smple sequence repeats in a few eukaryotic genomes where complete
genome/chromosome  sequences were avalable. Moreover, | have dso studied non
redundant complete genome coding DNA sequences of Drosophila, C. elegans and
yeast to assess the extent of codon reiterations in protein coding regions.

22 MATERIALSAND METHODS

All  the genome sequences were downloaded in FASTA forma  from
ftp://nchbi.nim.nih.gov/genbank/genomes.  The lis of genome sequences and their
lengths are shown in Table 2.3. The human chromosome-21 (Hattori et a., 2000) and
-22 (Dunham et d., 1999) sequences were obtained as ensemble of 5 and 12 contig
sequences,  respectively.  Individual  chromosome  sequences  of  Saccharomyces
cerevisiae (Goffeau et d., 1996), Caenorhabditis elegans (The C. elegans sequendng
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consortium, 1998) and Arabidopsis thaliana chromosome-Il (Lin et a., 1999) and -1V
(Mayer et d., 1999) were avalable as single contiguous drings. The C. elegans
chromosome sequences have a few unsequenced gaps represented as stretches of "N
in the sequences and the lengths shown in Table 2.3 are corrected by removing such
gaps. Most of the Drosophila melanogaster genome has been sequenced by whole-
genome shotgun sequencing (Adams et d., 2000) and sequences have been made
avaldble as a colection of scaffolds. Only the genomic scaffolds mapped on
chromosome-X, 2 and 3 were sdected and obtained using GenBank's Batch Entrez
fecility. Accesson numbers or links to dl the sequences used in this dudy ae
avallable at http:/Mmww.nd-indiaorg/ss.

All the genome sequences were scanned for various SSRs usng computer programs
written in "C". A Imple diding window technique was used for detection of tandem
repeats. Figure 2.2 depicts a representative flowchart of the agorithm employed for
searching smple sequence repests in large genome sequences. Briefly, condder a
DNA sequence as a string, B1B2B3B4Bs......... Bi...... Bn.1B,. To detect a tandem
repeat of sze (k=1 to 4) a pogtion (i), the window "B;...Biy.1" was compared with
subsequent windows starting at positions By, Biiox, Bisks Bisak..... (k=1 for mono-,
k=2 for di-, k=3 for tri- and k= 4 for tetranucleotide repeats). A repeat was detected
and extended further when a certain minimum number of units (20, 10, 7 or 5 for
mono-, di, tri-, or tetranucleotide repeats, respectively) were repeated tandemly.
Repests were searched dlowing a maximum of one mismaich for every 10
nuclectides. While scanning for di, tri- and tetranucleotide repeats, combinations
involving the runs of same nucleotide were not conddered. Smilaly, for
tetranucleotide repeats, combinations representing perfect dinuclectide repeats were
ignored. Significance of difference in dendty of repeats between different
chromosomes of the same gpecies was determined usng 't test. Frequency
digributions of repeats dong 1 mbp (million base pairs) contiguous segments of a
chromosome were used for caculaion of variance for 't test. However, the
ggnificance could be tested only for human, Arabidopsis and C. elegans sequences,

where long contiguous chromosome sequences were available.



Input a DNA sequence file

'

Read a maximum of 25,000 nucleotides a atime and store in memory ¢ A
Start search from i=1 of sequence array
v
A

Reed basic repeeting unit starting from (i)

e.g. for tri-nucleotide repest, the basic repeating unit will be sequence
characters & (i), (i+1) and (i+2) of sequence array

Compare this badc repeating unit with subsequent tri-nucleotides
garting from (i+3), (i+6), (i+9) .... (i+18) of sequence array.

Do dl of them match with each other dlowing 10% mismaich ?
Yes Nof

v

Continue further comparisons at
(i+21),(i+24),(i+27)..... till
mismatch levels are within 10%

Report the location and sequence of
repeated motif to output file

v v
Increase reference point (i) to Increase reference
(i + length of repest) point (i) to (i+1)

v v

Do ((i+21) exceeds size of sequence array in memory) ?
Yes No® >

I

Do end of sequence/ file reached ?
Yes No® >

v

Write summary to outpuit file, close input and output files
Quit the program

Figure 2.2: Howchat showing the agorithm used for searching trinuclectide repests

in large genomic DNA sequences.
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Table 2.2: Descriptions of various types of mono-, di-, tri- and tetranucleotide repest

classes
Representative sequence | Equivalent combinations on same strand in | Equivalent combinations on complementary
of repeat class different reading frames strand in different reading frames
Mononucleotide repeds
A A T
G G C
Dinucleotide repeats
AT* AT TA
AG AG GA CT TC
AC AC CA GT TG
aC GC CG
Trinucleotide repeats
AAT AAT ATA TAA ATT TTA TAT
AAG AAG AGA GPA CIT TTC TCT
AAC AAC ACA CPA GIT TTG TGT
ATG ATG TA GAT CAT ATC TCA
AGT AGT GTA TAG ACT CTA TAC
AG AG QA GAG Qacr CIC TQC
AC AC QA CAG [co) CIG TQC
ACG AG QA GAC QaGr GIC TGG
ACC ACC QCA CAC [ce) GIG TG
[ceo] Q< QG [ece] aQC G QC
Tetranucleotide repeats
AAAT AAAT AATA ATAA TAAA ATTT TTTA TTAT TATT
AAAG AAAG AAGA AGAA GAAA CTTT TTTC TTCT TCTT
AAAC AAAC AACA ACAA CAAA GITT TTTG TTGT TGIT
AATT* AATT ATTA TTAA TAAT
AATG AATG ATGA TGAA GAAT CATT ATTC TTCA TCAT
AATC AATC ATCA TCAA CAAT GATT ATTG TTGA TGAT
AAGT AAGT AGTA GTAA TAAG ACTT CITA TTAC TACT
AAGG AAGG AGGA GGAA GAAG CCTT CTTC TTCC TOCT
AACC AACC AGCA GCAA CAAG QCTT CITG TTQC TGCT
AACT AACT ACTA CTAA TAAC AGIT GITA TTAG TAGT
AACG AACG ACGA CGAA GAAC CGI'T GITC TTCG TOGT
AACC AACC ACCA CCAA CAAC GGIT GITG TTGG TGGT
ATAG ATAG TAGA AGAT GATA CTAT TATC ATCT TCTA
ATAC ATAC TACA ACAT CATA GTAT TATG ATGT TGTA
ATCG ATCG TGA GGAT GATG CCAT CATC ATCC TCCA
ATGC* ATCC TGCA GCAT CATG
ATCG ATCG TCEA CGAT GATC
AGAC AGAC GACA ACAG CAGA GICT TCTG CTGT TGIC
AGTG AGIG GIGA TGAG GAGT CACT ACTC CTCA TCAC
AGIC AGTC GICA TCAG CAGT GACT ACTG CTGA TGAC
AGGT AGGT GGTA GTAG TAGG ACCT CCTA CTAC TACC
AGSG AGG GEA GGAG GAGG CCCT CCTC CrcC TOCC
AGEC AGC G3CA GCAG CACG GCCT CCTG CTQC TGACC
AGCT* AGCT GCTA CTAG TAGC
AGCG AGCG GCA CGAG GACC CCCT GCTC CTCG TORC
AGCC AGCC GCCA CCAG CACC GCT CTG CTG&G TGAC
ACGT* ACGT CGTA GIAC TACG
ACGG ACCG CGA GGAC GACG CCOGT CGIC GICC TOOG
ACGC ACCC CGCA GCAC CACG GOGT CGIG GIQC TGAOG
ACCG ACCG CCA CGAC GACC C&GT GGIC GICG TOG
ACCC ACCC CCCA OCAC CACC GGT GGIG GIGG TAG
[cees [cees QG [cece [ecee] aCCC OC0CG CoC OaCC
[ccoey GaCC GCCG [eece [eccd

*Nucleotide combinations in these repest classes are salf- complementary.
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A poly-(A) repeat is same as poly-(T) repest on a complementary strand. Similarly,
(AC), is equivdent to (CA),, (TG), ad (GT), while, (AGC), is equivdent to (GCA),
(CAG),, (CTG), (TGC), and (GCT), in different reading frames or on a
complementary drand. Thus, two unique classes are possble for mononuclectide
repeats, whereas four classes are possble for di-, ten for tri- and thirty-three for
tetranuclectide repeats (Table 2.2). | have determined individua repesat frequencies

for all these classes.

Complete genome coding DNA sequences of al predicted peptides of Drosophila, C.
elegans and yeast were obtained from the Berkeley Drosophila Genome Project
(http:/Aww.fruitfly.org), the Sanger Centre's Wormpep Database
(http:/Amww.sanger.ac.uk/Projects/C_eleganswormpep) and  the  Saccharomyces
Genome Database (http://genome-www.stanford.edu/Saccharomyces), respectively. A
codon repeat was congidered only when it was tandemly repeated for a minimum of 7
times dlowing 1 mismatch for every 10 nucleotides.

All computer programs were implemented on a persond computer with a Pentium
Pro(R) microprocessor ad 16 MB RAM. A typicd program took less than ~5
minutes to andyze 10 mbp of sequence. Outputs of the programs were verified by
comparing some of the repeet loci in the origind sequence. The results were compiled
and this resource has been made available at http://www.nckindia.org/ss

2.3 RESULTSAND DISCUSSION:

While searching a sequence for dmple sequence repeets, defining the minimum
number of repeats and mismatch consderations are important empirical criteria. For
detection of various repests in genome sequences, we sdected minimum repegting
units such that a repeat spans for a minimum of 20 nudeotides Although previous
studies have used threshold repeat lengths of 10-12 nuclectides, any preference(s) in
genesis of repests or varidions in mutation rates are likely to be more clear a longer
threshold lengths. Besides, longer repests being more ungeble, have implications in
genome organization, genetic variation, protein evolution and discase, a a rdaivey
shorter evolutionary time scde. Simple sequences can be pure tandem repeats or may

contain interruption(s) due to accumulation of point mutation(s) or can have
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scrambled arrangement of repetitive motifs (Tautz et d., 1986). However, most of the
previous studies have considered only perfect repests without alowing any mismetch.
| observed that severa long repeats contain one or a few base substitutions and hence,
if only perfect repeats are conddered, such loci are likely to be counted as two or
more separate repeats of shorter lengths. Therefore, rather than consdering only
perfect repeats, | dlowed one mismaich for every 10 nudeotides. Although
gopearance of mismatches in repeats can reduce the chances of dippage-mediated
expansons / deetions (Petes e d., 1997), such loci might represent previous
occurrences of perfect repests. Moreover, interruption(s) in a repest track may be only
a trandgtion state and could be removed by DNA replication dippage or reverse
mutation(s) (Harr et d., 2000).

2.3.1 Characterigic trendsin microsatdlitedistributions:

Andyds of complee genome/chromosome sequences, avalable from  human,
Drosophila, Arabidopsis, C. elegans and yeast (Table 2.3, Figure 2.3), has revealed
that compared to other genomes, human chromosomes 21 and 22 are rich in mono-
and tetranucleotide repeats. On the other hand, the Drosophila chromosomes have
higher frequency of di and trinucleotide repeats. Surprisingly, C. elegans genome
contains less number of SSRs per mbp of sequence compared to yeast genome.
Moreover, the frequency of trinucleotide repeats in yeast is more than that observed in
human chromosomes-21 and -22.

In dl the genomes, among mononuclectide repests, poly-(A) / poly-(T) repesats were
predominant while poly-(C) / poly-(G) repests were rare. Tetranucledtide repeats
were highly frequent in human chromosomes and most common among them were
(AAAT),, (AAAG),, (AAAC),, (ATAG), (AAGG),, (ATGG), and (AGGG),. The
Drosophila chromosomes also contained a large number of tetranuclectide repeats of
which (ATAC),, (AAAT),, (AAAC),, (AGTC), and (AACC), were more frequent.
Overdl, tetranucleotide repeats of type (AAAN), seemed to be more common
compared to other combinations.



Table 2.3: Frequency of repest loci per mbp of individua chromaosome sequences in different eukaryotic genomes

Chromosome  Sequence Frequency of repeats >= 20 nuclectides Frequency of repeats >= 40 nuclectides
larm length Mono- Di- Tri- Tetra Mono- Di- Tri- Tetra
mbp nuclectide  nuclectide nuclectide nuclectide nuclectide  nuclectide nuclectide nuclectide
repeats repeats repeats repeats repeats repeats repeats repeats
Human
Hs21 33.82 141.8 105.0 24.8 119.7 37 21.3 24 151
Hs-22 33.62 2234 81.0 39.0 151.5 48 174 29 17.3
Drosophila
Dm-X 21.95 157.0 215.1 135.8 96.8 0.8 95 73 42
Dm-2L 22.58 475 94.6 62.3 51.9 0.2 21 18 10
Dm-2R 21.07 454 102.7 79.0 57.4 03 33 29 17
Dm-3L 23.67 56.2 92.3 83.0 55.4 03 22 2.7 12
Dm-3R 27.86 53.8 104.9 85.0 58.0 03 35 25 15
Arabidopsis
At-2 19.65 535 51.1 44.2 18.8 0.7 78 1.37 0.1
At4 17.55 53.6 53.6 48.0 17.7 05 6.8 1.48 0.2
C. dlegans
Ce-| 14.75 375 34.8 28.8 21.2 0.1 47 0.61 0.6
Cell 16.62 30.4 22.4 25.8 25.3 0.1 31 0.60 04
Cedll 11.60 30.3 30.9 31.8 194 00 37 0.43 03
CelV 14.45 23.2 22.0 23.9 23.9 0.0 21 0.21 05
CeV 20.52 27.6 17.4 18.1 184 0.1 29 0.24 11
CeX 17.29 30.8 30.0 20.2 15.3 0.2 41 0.40 0.2
Yesd, dl 16 12.07 44.2 31.7 50.0 12.3 18 24 4.89 03

chromosomes
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The length digributions of adl SSRs have indicated that the frequency of repeets
decreases exponentidly with the length of repeats (Figure 2.4 shows a representative
grgph of length digributions of repests in human chromosome-21). This may be
because longer repeats have higher mutation rates and hence are more unstable
(Wierdl et d., 1997; Kruglyak et d., 1998). The paucity of longer microsadlites
could be dso due to their downward mutation bias and short persstence time (Harr
and Schiotterer, 2000). Recent studies have shown that compared to expansion
mutation events, contraction mutations occur more frequently with increese in dlde
gze (Xu et d. 2000) and long dldes tend to mutate to shorter lengths, thus
preventing their infinite growth (Ellegren, 20008).

Among the repeats longer than ~40 nuclectides, the dinucleotide repeats were more
frequent whereas, mononucleotide repests seemed to be less common (Table 2.3). A
large number of tetranucleotide repeets in human chromosomes and trinucleotide
repeats in Drosophila were adso longer than ~40 nucleotides. Slippage rates tave been
esimated to be the highest in dinucleotide repeats followed by tri- and tetranuclectide
repeats (Kruglyak et d., 1998; Chakraborty et a., 1997; Schug et a., 1998). Probably,
shorter repesting units dlow more number of possble dippage events per unit length
of DNA and hence, are likdy to be more ungable. However, shorter lengths of
mononuclectide repesats in dl genome sequences and abundance of tetranucleotide
repeets in human sequences suggest involvement of additiona mechanisms,

My sudy shows that compared to human chromosome-21, chromosome-22 has
ggnificantly higher frequency of mono-, tri- and tetranucleotide repeats but less of
dinucleotide repeats (t Test: t=5.60 for mono-, t=3.42 for di-, t=4.59 for tri- and
t=3.94 for tetranucleotide repeats, p < 0.01 in al the cases). In C. elegans, anong a
totd of 60 chromosome pars / repeat type combinations, 15 combinations show
sgnificant difference in dendty of repeats (& p < 0.05). On the other hand, the
densties of repeats in Arabidopsis chromosomes 2 and 4 are smilar.  In case of
Drosophila, the sex chromosome (X) contains ~1.5 to 3 times more repests per mbp
of sequence as compared to autosomes (chromosome-2 and -3) (significance not
cdculated). Such differences for dinucleotide repeats in Drosophila sex chromosome
and autosomes have been reported earlier (Pardue et al., 1987; Bachtrog et al., 1999).
Thus, dthough the trends for different repest classes ae sSmilar  between
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chromosomes within a genome, the densty of repeats may vary between different
chromosomes of the same species. This can be expected since different chromosomes
in a genome can have different organization of genes, ewrchromatin and hetero-
chrométin.

2.3.2 Rdative frequencies of various di- and trinuclectide repeats:

All dinucleotide repest combinations excluding homomeric dinucleotides can be
grouped in four unique dasses, namdy (AT),, (AG),, (AC), and (GC),. It is evident
that, in human and Drosophila chromosomes, AC dinuclectide repeats are more
frequent followed by AT and AG repeats (Figure 2.5). In contrast, Arabidopsis
chromosomes contain more of AT repeats followed by AG repeats. However, in the
yeast genome, AT repeats seem to be predominant compared to other dinuclectide
repeats. Interestingly, GC dnuclectide repeats are extremdy rare in dl the genomes
sudied. Lower frequency of CpG dinuclectides in vertebrate genomes has been
atributed to methylation of cytosne that in turn increases its chances of mutation to
thymine by deamination (Schorderet and Gartler, 1992). However, CpG suppression
by this mechanism can not explain the rarity of (CG), dinuclectide repedats in yeast, C.
elegans and Drosophila since they do not show cytosine methylation.
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Frequency distribution of different trinucleotide repeat classes per mbp of sequence
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Among 10 unique trinucleotide repeat classes, human chromosomes 21 and 22
contan nore of AAT and AAC repeats (Figure 2.6). Compared to other genomes,
Drosophila chromosomes have the highest frequency of trinuclectide repeats and
among them, AGC repeats are predominant followed by AAC repests. The
Arabidopsis and C. elegans chromosomes have comparatively higher frequency of
AAG trinucleotide repests. In contrast, yeast genome contains more of AAT, AAG,
AAC, ATG and AGC repeets. It should be noted that frequencies of trinucleotide
repeats in the chromosome sequences also include those occuting in the coding
regions and could be partidly limited by sdection & protein leve.

Short proto-microsatellites are probably generated by random mutations and then
expand by DNA-dippage mediated events. Therefore, the base compostion of a
sequence that provides seeds for evolution of repeats is expected to influence
microsatellite dendty (Bachtrog et d., 1999; Kruglyak et d., 2000). We tested this
assumption firs by XY-scatter plot representation of percent di- and trinucleotide
compogtion of a sequence and frequency of corresponding repeats in individua
chromosomes. Figure 2.7 is a representative graph of the relationship between percent
nucleotide compostion and frequency of di- and trinuclectide repeats in human
chromosome-21. It was observed that differences in frequencies of various repesat
classes were large and could not be attributed to differences in nucleotide compostion

of asequence.
i Dinucleotide repests L Trinucleotide repeats |
1200 W X A
8 1m A b 8 poAp
= TN A =100
) o
(=]
@ 400 1 401
E A4 go o aae
- ZD- - O L\M_\I IAJINA%IA % T
0'_A T 'A T T
o 2 4 6 8 10 0 06 1 1L 2 25 3
percent dinucleotide conposition perrcert tri-nucl ecti de conposition

Figure 2.7 Scatter plot of data points showing relationship between percent nucleotide
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DNA drand-dippage can occur during transent dissociation and re-anneding in the
repeat region and this could be a deceptive event for DNA processng machinery
leading to expansons or ddetions in the repeat tracks (Figure 2.1). It has been
suggested that if the nucleotides on the sngle drand are sdf-complementary, they can
base pair to form loops or hairpins and sabilize strand dippage (Gacy et d., 1995;
Moore et d., 1999). If these mechanisms favor repeat expansions / deletions, repeats
with higher hairpin propengties like (CTG),, (CCG), (Gacy e a., 1995; Mitas e d.,
1995) or sdf-complementary repesets like (AT)n, (GC), are likely to be more abundant.
However, rdative frequencies of various di- and trinucleotide repeat classes within
and between different genomes do not seem to support such an associgtion. For
example, AGC class of trinucleotide repeats (representing CAG / CTG repeats) are
predominant in Drosophila whereas, in human, Arabidopsis and C. elegans genome
sequences they are less frequent. In contrast, human chromosome-21 and -22 contain
more of AAT and AAC trinuclectide repeats though their relative hairpin propensty
is low (Gacy et d., 1995; Mitas et d., 1995). Smilarly, AAG dlass of trinucleotide
repeats that can adopt triple-hdica sructures (Pearson and Sinden, 1998) are
comparatively more in Arabidopsis, C. elegans and yeast while they are less in human
and Drosophila sequences. This suggests that, in addition to dternative DNA
dructures formed by repest motifs, species specific cdlular factors interacting with
them are likely to play an important role in the genesis of repests (Toth et d., 2000). It
is likdy that smdl sequence dependent differences in the effidency of the enzymatic
mechinery of different genomes to detect and remove dippage mutations could result
in vadly different mutation rates (Bachtrog e d, 2000) and characterigdic
microsatellite distributions.

2.3.3 Codon repetitionsin complete genome coding DNA sequences:

Among dl smple sequence repeats, dippage mediated expansons / deetions of only
trinuclectide repeats or multiples thereof can be tolerated in coding regions since they
do not disturb reading frame. |, therefore, analyzed the occurrences of codon
(trinucleotide) repests in coding DNA sequences of al the predicted peptides of
Drosophila, C. elegans and yeast genomes (Tables 24 and 2.5). It is evident that
codon repetitions are far more frequent in Drosophila compared to C. elegans that has

in fact more predicted proteins than Drosophila. This is to be expected since the
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frequency of microsatdlites is very low in C. elegans (Figure 2.3). In Drosophila
coding sequences, CAG codon (encoding glutamine) repetitions are predominant
followed by AGC (sine), GAG (glutamic acid), GCA (danine and AAC
(asparagine) repests. On the other hand, in C. elegans coding sequences, GAT
(espartic acid), CCA (proline), CAA (glutamine), GAA (glutamic acid) and AAG
(lysine) codon repeats are compadively more frequent, though a very few of them
are repeated for 14 or more times. In yeast ORFs (open reading frames), GAA
(glutamic acid), CAA (glutamine), GAT (aspatic acid), AAT (asparagine) and CAG
(glutamine) codon repeats are more in number. Such trends for triplet repeats in yeast
ORFs have been aso reported earlier and are thought to reflect functiona selection
acting on amino acid reiterations in the encoded proteins (Alba et d., 1999).

Table 2.4: Frequencies of trinucleotide repeat classes in genomic and coding
sequences*

Drosophila C. degans Y east

Genomic Coding Genomic Coding Genomic Coding

Trinucleotiderepeat class

AAT | ATA/ TAA/ ATT /| TTA [ TAT 916 37 349 25 119 55
AAG/ AGA/ G/ CIT/ TTIC/ TCT 240 53 786 174 119 105
AAC/ ACA/ CAA/ GIT [ TTIG/ TGT 1850 259 167 103 120 105
ATG/ TGA/ GAT / CAT /| ATC/ TCA 1000 106 309 125 101 83
AGT /| GTA/ TAG/ ACT /| CTA/ TAC 147 6 67 14 10 4
ARG/ GA/ GAG/ CCT/ CIC/ TCC 625 235 129 43 17 16
A/ GQCA/ CAG/ QCT/ CIG/ TQC 4470 1909 149 86 79 66
ACG/ CRA/ GAC/ QGI/ GIC/ TGG 281 62 87 25 21 18
ACC/ CCA/ CAC/ QGI'/ GIG/ TGG 54 198 203 130 17 11
G/ &G/ GG/ @/ G/ oL 258 123 a4 23 1 1
Total sequence lergth (mbp) 1713 2055 9523 2515 1207 893
Total occurrences of repeats 10381 2988 2290 748 604 464

*(AAA),, (TTT),, (GGG),,, and (CCC),, codon repests in the coding sequences are not
included here.
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Table 2.5: Occurrences of codon repests in complete genome Coding DNA Sequence (CDS) sets of Drosophila, C. elegansand yeast

Codons Encoded Drosophila C. degans Yesast
amino acid Codon repested Codon repested Codon repeated Codonrepeated ~ Codon repeated Codon repeated
residue for >=7times for >= 14 times for >=7times for>=14times  for >=7times for >= 14 times

A/ GG/ &/ GGEr Glycine 141 2 51 0 4 0
GCA/ &G/ A&@C/ T Alanine 274 14 49 0 13 0
GIA/ GIG/ GIC/ GIT Vdine 4 0 7 0 3 0
CTA/ CIG/ CIC/ CIT Laucine 12 0 8 1 3 1
TTA /| TTG

ATA | ATC/ ATT Isoleucine 10 0 5 0 0 0
TGC / TGT Cysteine 3 0 1 0 1 0
ATG Methionine 4 0 0 0 0 0
TAC / TAT Tyrosine 2 1 7 0 2 0
TTC/ TTT Phenyldanine 4 0 9 0 10 1
TGS Tryptophan 0 0 0 0 0 0
CCA/ OOG/ OOC/ Cacr Proline 54 0 108 0 7 0
TCA/ TGG/ TCC/ TCT Serine 250 9 29 0 34 2
ACGC / AGT

ACA/ ACG/ ACC/ ACT Threonine 119 3 32 0 4 0
AAC /| AAT Asparagine 175 10 25 1 79 16
CAA | CAG Glutamine 1555 107 130 0 122 7
GAC/ GAT Aspartic acid 79 0 108 2 81 10
GAA /| GAG Glutamic acid 166 6 98 0 81 5
AAA | AAG Lysne 47 0 78 0 22 0
CAA/ O/ O/ aar Arginine 2 0 9 2 4 1
AGA / AGG

CAC/ CAT Histidine 92 0 24 0 13 0
Tota occurrences of repeats 2993 152 773 6 483 43
Total coding sequences anayzed 14080 19209 6283

Tota length of coding sequences 20.55 25.15 8.93

(mbp)




The corrdation coefficient between frequencies of various trinucleotide repeat classes in
coding sequences and in non-coding sequences (frequency in total genome sequences -
frequency in totd coding sequences) was found to be sgnificant in Drosophila (r= 0.84,
p<0.01) but inggnificant in C. elegans (r=0.53) and yeast (r=0.37). It was aso noted that
within a trinucleotide repeat class, frequencies of different codon repeats vary
consgderably depending on the type of encoded amino acid. Perhaps, the interesting
observation in my sudy is that, expangons of codons corresponding to smal hydrophilic
amino &cids are tolerated more compared to hydrophobic amino acids and this is
particdarly evident for codons repeated for 14 or more times (Table 2.5). Therefore,
while nucleotide composition might play an important role in genesis of repedats, in the
coding sequences, their effect on Structure and function of the encoded proteins would be
a mgor sdective force. For example, a¢ DNA leve, physicad and chemica properties of
(AGC),, (GCA)n, (CAG),, (CTG),, (TGC), and (GCT), repests are same and their
frequencies can be expected to be comparable. However, in the Drosophila coding DNA
sequence s, there are 204 occurrences of AGC (serine), 175 of GCA (danine), 1480 of
CAG (glutamine), 36 of GCT (danine), 11 of CTG (leucine) and 3 of TGC (cysteine)
codon repeats (codons reiterated for >= 7 times).

The trends observed for codon repeats in complete genome coding DNA sequences are
consstent with my study of protein sequence database, where | observed that tandem
sngle amino acid repests of smdl hydrophilic amino acids are more frequent in proteins
(Chapter-3, section 3.3.1). This might perhagps explan why mgority of the repesat
asociated diseases are due to expansions of CAG repeats in specific genes. Since
glutamine repests are tolerated more in proteins, the initid smal (CAG), expansons in
coding regions ae likdy to have enough survivd vdue to reman in population.
However, as ther ingability increases with increase in length, their effect on protein
dructure and function could be deeterious beyond a cetan limit leading to
mafunctioning of the protein (Perutz, 1999). On the other hand, initid smdl expansons
of hydrophobic and basc amino acid resdues could be lethd and hence would be
eiminated from the population as soon as they appear. The avalability of complete
coding DNA sequence set of the Human Genome will enable us to test this hypothesis.



24 CONCLUSIONS:

Anayss of smple sequence repesats in genome Ssequences gives a sngpshot of in vivo
accumulated repesats. Overdl, the trends observed for various repeat classes in genome
sequences ae in agreement with previous reports (eg. Richard and Dujon 1996;
Bachtrog et a., 1999; Kruglyak et d., 2000; Toth et a., 2000). However, with the
avalability of complete genome / chromosome sequences, we have begun to understand
the extent to which repeats are generated in a genome. Differentid digtribution of various
repeats observed in different genome sequences suggests that gpart from nucleotide
compostion of repests, the chaacterisic DNA  replication/repair/recombination
mechinery might have an important role in the evolution of SSRs In addition, their
occurrence in coding regions seems to be limited by non-perturbation of reading frame
and tolerance of expanding amino acid dretches in the encoded proteins. These
observations have implications on our efforts to undersand the indability of disease
associated repeats.

Development of a web-resource on simple sequence repeats in eukaryotic genome

sequences:

| have compiled the locations and sequences of dl the microsatdlite loci reported in this
dudy in the form of a web-resource, which has been made avalable a the URL:
http:/Mmww.nc-indiaorg/ss  (Figure 2.8). This informaion could be useful for the
sdection of a wide range of microsadlite loci for studying their location and sequence
dependent evolution. These loci could dso be used as markers for the fine andyss of
recombination events dong individuad chromosomes Availability of microsadlite
content of complete chromosome sequences should dso facilitate comprehensve sudies
on direct role of microsatelites in genome organization, recombingtion, gene regulation,
Quantitetive genetic variation and evolution of genes.
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This resource docurnents, occurrences of codon (tri-nuclectide) repeats in complete Coding DINA Sequence
sets of all predicted peptides/ORFs of ..

Drosophila melanogaster (Fruit flv)

Caenorhabditis elegans (Nermatode)

Saccharomyees cerevisiae (Yeast)

Our Other Related Resources...
TRIPS A Database of... Tandem Repeats In Protein Sequences

For comments, suggestions and questions write to SSR-Team

Mukund V. Katt, Prabhakar K. Ranjekar and Vidya S, Gupta (2000)
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Figure 2.8: A web-resource on Smple sequence repeats in eukaryotic genome

sequences available a the URL : http://mww.nd-india.or g/ssr






ABSTRACT:

All the protein sequences from SWISS-PROT database were andyzed for the
occurrence of dngle amino acid repeats, tandem oligo-peptide  repeats and
periodicaly consarved amino acids. Single amino acid repeais of glutamine, serine,
glutamic add, glycine, and danine seem to be tolerated to a condderable extent in
many proteins. Tandem oligo-peptide repeeats of different types with varying levels of
conservation were detected in severa proteins and found to be conspicuous,
paticularly in sructurd and cell surface proteins. It appears that repeated sequence
patterns may be a mechanism that provides regular arrays of spatid and functiond
groups, useful for dructurd packing or for one to one interactions with target
molecules. To facilitate further explorations, a database of Tandem Repeats In Protein
Sequences (TRIPS has been devdoped and made avalable a the URL:
http://www.nckindiaorg/trips
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3.1 INTRODUCTION:

In the previous chapter, | have described how smple sequence repesats of various
types occur frequently in genome sequences. Although, SSRs originate due to errors
during DNA replication/repair/recombination, when such events occur in the protein
coding regions it might lead to appearance of repested sequence patterns in proteins
and can eventudly dictate protein dructure and function. In this chapter, | have
included results of my sudies on the occurrence of repested sequence patterns in

proteins and their implications on protein structure and function.

Redundancies in protein sequences have been noticed since the early days when DNA
and protein sequencing techniques were established and protein sequence data Started
accumulating. Redundancy in a protein sequence can be in various forms, for
example, as runs of identicd amino acids or short tandem repeats or ove-
representation of certan amino acid combinations or patid gene duplicatiions
(Doalittle, 1989). Andysis of sequence databases have shown that single amino acid
repeats are not rare in proteins and hydrophilic amino acids, particularly glutamine,
account for a large proportion of single amino acid repeats (Green and Wang, 1994).
Golding (1999) observed that in the yeast complete protein sequence set, the most
common shared regions were runs of sngle amino acids or low complexity smple
sequences rich in only one or a few amino acids. From the comparative andyss of
yeast and severd bacterid genomes, Pdlegrini e a., (1999) have reported that
eukaryotic proteins contain more interna repeats than those of prokaryotic or arched
organisms. They have dso found that ~18% of yeast sequences and ~28% of the
known human sequences contain detectable repests indicating importance of internd
duplications in protein evolution. Andyss of SWISS-PROT database has shown that
duplicated sequence segments occur in ~14% of dl proteins (Marcotte et a., 1999).
The frequency distribution of repeats as a function of repeat length has reveded only
wesk length dependence suggesting recombinetion rather than duplex mdting or
DNA hairpin formation as the limiting mechanism underlying repeet formation.



Although internd repests of various forms are known to occur in severd proteins,
occurrences of short tandem repeats in protein sequences have not been described
sysematicaly. Therefore, in order to present an overal picture of amino acid repesat
patterns in protein sequences, | analyzed al the proteins from SWISSPROT database
(Bairoch and Apweiler, 1999) for the occurrence of single amino acid repesats, tandem
oligo-peptide repeets and periodicaly conserved amino acids. | studied the observed
repeat paterns in reaion to their implications on protein <ructure and function.
Moreover, | organized the results in the form of a database that has been made
available through the Irternet.

3.2 MATERIALSAND METHODS:

All the protein sequences from SWISS-PROT database (Release 38, of July 1999)
were downloaded in FASTA format by ftp from the URL: ftp:/expasy.ch and
andyzed for various repeat patterns usng computer programs written in "C"
programming language. For detection of internd repests in protein  sequences,
techniques like Fourier andyds (McLachlan, 1993) or modifications of dynamic
programming dgorithm (Heringa and Argos, 1993, Coward and Drablos, 1998;
Pdlegrini et d., 1999) have been applied. These dgorithms smultaneoudy report
repest paterns of varying types occurring in a given sequence. Since | was interested
to andyze complete protein database for tandem repeets of defined unit lengths and
periodicity, 1 used a smple diding window agorithm for detection of internd repests
in protein sequences. This dlowed me to sdectively search for repeats of defined
lengths and dassfy them sysematicdly. A brief description of the dgorithm is
outlined here.

3.211 Tandem single amino acid repeats:

Congder a protein sequence of length 's as a string, & &agauds...--as, where, 'g' is
amino acid residue a pogtion i' in the sequence space. To detect tandem single amino
acid repeat of a minimum length 'n’, dtarting a podtion 'i', we compare amino acid ‘g’
with each of the subsequent residues 'a. ', 'a+2', '@’y ....... '‘8+n-1. If Al of them match,
a repeat is detected and further extended as long as 'aw-14' (Wherej = 1, 2, ... )

matches with 'g'. All the protein sequences were searched for tandem single amino
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acid repeats of length >=5, >=10 or >= 15 without dlowing mismaich and for repeats
of length >=20 by dlowing a maximum of 1 mismatch in 10 resdues

3.2.1.2 Tandem oligopeptiderepeats:

Consder an oligo-peptide of sze k' as a window 'aa+1 ... &«k-1', in aprotein sequence
(eg. k=2 for dipeptide repeats, k=5 for penta-peptide repeats). This window is
compared with subsequent windows gdarting a postions, 'au’, '8sok's '@ sgkseeeee A+ (n-
k- An oligo-peptide repeat is identified and further extended if a minimum '
number of windows maich with esch other dlowing a cetan degree of mismaich
(Table 31). While scaning for long oligo-peptide repests, oligo-peptide units
representing perfect repeats of shorter length were ignored. A representative flow-
chart diagram describing the dgorithm used for detection of penta-peptide repeats in
protein sequencesisillustrated in Figure 3.1.

3.2.1.3 Periodic conservation of single amino acids:

The protein sequences were scanned for periodic conservation of single amino acids
essantidly usng the same dgorithm as used for detection of sngle amino acid
repeats, except that 'g' is compared with 'a.,", ‘@10, 'Gap’s Qaap eeeee- ‘B+(n-1)p Where'p'
is period of 2to 10.

3.2.2 Development of the database:

One of the objectives of my work was to develop a comprehensive database of short
tandem repeets in protein sequences. | designed the computer programs in such a way
that the outputs were automaticaly written in HTML (Hyper-Text Markup Language)
forma. Usng HTML, smple text information can be enriched by insating tags thet
dlow display of information in aitractive fashion using suiteble fonts, colors, tades
and images, when viewed through an appropriate browser. More importantly,
hyperlinks can be provided to other documents on any computer connected to the net

and thereby, users can easlly retrieve additiond information and explore.
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Table3.1: Minimum repeating units and mismatch parameters used for detection
of various oligo-peptide repests.

Oligo-peptide Minimum repeating Maximum mismatch Number of proteins
unit length units dlowed containing the repeats
2 7 10% 161
3 5 10% 109
4 4 10% 117
5 4 10% 76
6 4 10% 74
7 4 10% 58
8 4 10% 108
9 3 10% 58
10 3 10% 114
11 3 15% 41
12 3 15% 119
13 3 15% 32
14 3 15% 64
15 3 15% 51
16 3 2% 120
17 3 20% 32
18 3 20% 85
19 3 2% 37
20 3 2% 113
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Input file containing al the protein sequences from SWISS PROT database
(All sequences arein FASTA format)

v

Read a sequence from file and storein memory in a character array:

(In FASTA format character "> indicates beginning of a new sequence and
title of the new sequence. The actual sequence starts from the next new line

till indicator of new sequence">' or end of fileis encountered )

v
Start search from i=1 of sequence array
* <l
: : : : : A

Reed basic repesting unit starting from (i)

eg. for penta-peptide repest , the basic repeating unit will be the sequence

characters at (i), (i+1), (i+2), (i+3) and (i+4) of sequence array

Compare basi¢ repesting unit with subsequent pentajpeptides starting at (i+5),

(i+10), (i+15) of sequence array.
Do dl of them match with each other dlowing 10% mismatch ?

Yes Noe

?

v
Continue further comparisons at
(i1+20),(i+25),(i+30)..... till
mismeatch levels are within 10%
Report the location and sequence of
repeated motif to output file

v v
Increase reference point (i) to Incresse reference
(i + length of repeat) point (i) to (i+1)
Do ((i+20) exceeds size of sequence aray in memory) ?

>

Y&s No®

'

Do end of filereached ? Yesr No ¢

v

Write summary to output file, close input and output files and quit the program

Figure 3.1: A mpresentetive flowchart showing the agorithm used for detection of

penta- peptide repeets in protein sequences.
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| compiled and organized the results of my andyss in the form of a database of
Tandem Repeats In Protein Sequences (TRIPS) that has been made avalable at the
URL: http:/mww.nckindiaorg/trips. The TRIPS database is organized in 3 mgor
sections describing dngle amino acid  repeats, tandem  oligo-peptide repeats and
periodicaly conserved amino acids (Figure 3.2). In the individud files, each protein
entry describes SWISS-PROT accesson number, protein name, sequence length, type
and length of repeat, postion of repeat in the sequence and actuad repeat pattern.
Hyperlink is provided to the origind entry in the SWISSPROT database and thereby
further information about the protein sequence, doman dructure, function and
relevant literature can be easily searched. For tandem oligo-peptide repests, | have
used different color schemes for different types of amino acids (hydrophobic,
hydrophobic-aromatic, polar uncharged, acidic, basc and unique) which hdp in
effective visud display of repest patterns.

3.3 RESULTSAND DISCUSSION:

For this anayss, | have sdected SWISS-PROT database since it has minimd
redundancy and protein sequence entries have rich annotations and extensive links to
other databases (Bairoch and Apweller, 1999). All the 80,000 proteins from the
database were andyzed for tandem repeats usng a smple diding window technique
with empiricaly determined mismetch levds and repeat cut-off units. Although such
a method may not detect distant repests, repeats faling beyond cut-off scores or those
containing insations or ddetions, it was possble to present an overdl picture of
repeat patterns observed in the database.

3.3.1 Tandem single amino acid repeats:

Table 32 summarizes total number of proteins containing single amino acid repegts
of various types The complete ligs of proteins containing tandem single amino acid
repeats are available through the TRIPS database wheress, representative proteins are
described in Table 3.3.
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A TRIPS-A DataBase of Tandem Repeats In Protein Sequences - Microsoft Internet Explorer
File Edit Yiew Fawortes Tools Help -

Address |€| http:/ nckindis.org frips/ j @ Go

TRIPS A Database of...

Tandem Repeats In Protein Sequences

Amino acid repeats are common in many proteins. Although their significance in protein structure
and function has been demonstrated in some proteins, it remains largely unclear. Recently they have
gained much attention due to association of several neuro-degnerative disorders with unstable poly-
Zlutamine repeats in affected proteins. This database provides a comprehensive picture of repeat
patterns observed in 80,000 proteins from SWISS-PROT protein sequence database (Release: 38, of
July 1999).

Tandem Smngle Amino Acid Repeats

Tandem Oligo-Peptide Repeats

Perodically Conserved Amino Acids

We Welcome Your Comments and Suggestions on this database: mail fo TRIPS

Katti M.V., Sami-Subbu R., Ranjekar P.K. and Gupta ¥.5. (2000)

Amino acid repeat patterns in protein sequences: Their diversity and structural-functional implications.
Protein Science (accepted)

©1998: Division of Biochemical Sciences, National Chemical Laboratory, Pune 411008, INDIA

&] ® Internet

Figure 3.2: Homepage of the database of Tandem Repeats In protein Sequences
(TRIPS) avalldble a the URL: http:/Amww.nckindia.or g/trips




Table 3.2 Number of proteins in the SWISS-PROT daabase containing tandem

single amino acid repesats
Amino acid Amino acid Number of proteins containing repeats
frequency in Repeat Repest Repest Repest length
the database  length length length >=20
(%) >=5 >=10 >=15 dlowing 10%
mismatch
Small
Glycine 6.84 679 76 24 29
Alanine 7.58 1078 87 16 8
Hydrophobic
Vdine 6.58 61 0 0 0
Leucine 9.44 1019 10 2 0
Isoleucine 581 37 0 0 0
Cygene 1.66 8 1 0 0
Methionine 2.38 11 0 0 0
Tyrosne 3.19 11 1 0 0
Phenyldanine 4.10 22 2 0 0
Tryptophan 1.24 0 0 0 0
Proline 4.92 630 39 11 11
Hydrophilic,
uncharged
Saine 7.13 977 70 25 29
Threonine 5.68 270 25 3 6
Asparagine 4.44 257 50 23 29
Glutamine 3.97 622 173 73 74
Hydrophilic,
acidic
Aspartic acid 5.28 341 26 11 10
Glutamic acid 6.37 804 74 20 24
Hydrophilic,
basc
Lysne 5.95 289 2 0 0
Argnine 5.16 326

Hididine 2.25 171 40
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Table 3.3: Representative proteins containing long sngle amino acid repeats

Accesson  Amino acid Repeat length? Organism Protein name

number

P18480 Glutamine 51/56 S cerevisae Transcription Regulatory Protein SNR5
P54683 Glutamine 42/46 D. discoideum Prestal k-Specific Protein TAGB

P20226 Glutamine 40/41 H. sapiens Transcription Initiation Factor TFIID
061735 Glutamine 40/43 D. melanogaster Circadian Locomoter Output Cycles Kaput Protein (DCLOCK)
P54637 Asparagine 53/58 D. discoideum Protein-Tyrosine Phosphatase 3

P54674 Asparagine 42/42 + 36/39 D. discoideum Phosphatidylinositol 3-Kinase 2

P54683 Asparagine 36/38 D. discoideum Prestalk-Specific Protein TAGB Precursor
P32583 Serine 61/68 S cerevisae Suppressor Protein SRR-40

P18709 Serine 35/38 + 28/28 X. laavis Vitellogenin A2

P42568 Serine 44/46 H. sapiens AF-9protein

P31231 Aspartic acid 44/44 R esculeta Calsequestrin, Skeletd Muscle Isoform
P13816 Glutamicacid  36/39 P. falciparum Glutamic Acid-Rich Protein

P19351 Glutamicacid ~ 34/36 D. melanogaster Troponin T, Skeletal Muscle

P21997 Proline 43/48 V. carteri Sulfated Surface Glycoprotein 185

P12978 Proline 40/42 Epgein-barr virus EBNA-2 Nuclear Protein

4repeat length is represented as 'm/n' indicating 'm’ number of repeated Single amino acids in a sretch of 'n' residues
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Table 3.4: Sngle amino acid repeatsin solved dructures

PDB ID Single amino acid repestst and corresponding secondary structures’ Sequence length

1L64 35 KSPSL AAAAAAAAAA | GRN 164
SSS*H HHHHHHHHH HTS*

109R B 235 HPDKW AAAAAAAAAAAAA TVNDI 430
**SSJ( **********'l_r* *'_I_'_H

168L: A 123 QKRAD AAAAALAAAA VWNQT 164
TT*TT HHHHHHHTTH HHHHT

1QA\ A 2 AKAVD AAAAAAAAl A PVDTT 445
kkkhkkk kkhkkkkkhkkhkkkk *hkkk%

1WA A 1 DTASD AAAAAA LT AANAKAAA ELT AANAAAAAAA TARX -( G Terminal ) 38
** HHH HHHHHH HH HHHHHHEH HAH HHHHHHHHH HHE*

1FPV 23 SONGS GEEEEEGESEG VA STG 584
kkkkk kkhkkkkkhkkkk*k ‘I_I'Sk**

4DPV: Z 23 SGNGS GEEEEESEG VA ST 584
*kkkk ****EE‘I—]'EE ‘I—r***

1SPF 11 LKRLL WMWWLWWI V GALLM 35
HHHHH HHAHHHHHHHH HHHEH

1AYZ: A 149 WEDDM DDDDDDDODDDDD EAD - (G Ter ni nal ) 169
H_'_l_ﬂ' kkhkkkkkhkkhkkhkkhkkk,k* k%%

1A8Y 350 El NTE DDDDEDDDDDDDD - ( G Ter mi nal ) 367
kkkkk kkhkkkkkhkhkkkkhkkk*k

1FT1: A 17 GQPEQ PPPPPPPPP AQRPQ 377
*kkkkk khkkhkkkhkkkk *khkkk*k

1BN\6 93 DGATG KKKKKKKKK RGPKV 148

khkkkk kkhkkkkkkhkkk k*kkk*k

2 repest length >=10 with amaximum of 1 mismatch in 10 residues

b Secondary structure information was obtained from Protein Data-Bank (PDB) web-site http:/vww.rcsb.org/pdb ;
PD B-secondary structure dement codes are: H-dpha hdix (4hdlix); E-extended strand, participatesin betaladder;
G-310 hdlix (3-hdlix); T- hydrogen bonded turn; S-bend; * no regular secondary structure



Among the proteins containing 10 or more repetitions of identicd amino acids,
gutamine, danine, glycine, glutamic acid, and serine repests were much more
frequent than other amino acids. Interestingly, no protein in the database contained
tryptophan consecutively repeated for 5 or more times. Smilarly, a very few repesats
of cyseine, methionine, tyrosne, phenyldanine, isoleucing, and vdine were detected,
suggeding that long tandem repeats of highly hydrophobic amino acids are probably
not favored in proteins. Such trends have dso been reported by Green and Wang
(1994).

Of the proteins containing long tandem single amino acid repeats (n>=10), more than
139 were transcription regulatory proteins with paticulaly more frequent poly-
glutamine or poly-danine repeats. Poly-glutamine rich regions in transcription factors
are possbly involved in modulation of transcription activation (Gerber et d., 1994).
Synthetic poly-glutamine peptides have been shown to form beta-sheets and might
function as polar-zippers in protein-protein interaction (Perutz et d., 1994; Figure
3.9).

Poly-glutamine repeats encoded by CAG codons are found to be ungtable, since the
corresponding (CAG):(CTG), repeats in the coding sequences can readily adopt
unusual DNA dgructures leading to errors during replication, repair or recombination
(Pearson and Sinden, 1998). Such dynamic poly-glutamine repeat expangons in
affected proteins have been shown to cause severd neuro-degenerative disorders
(Table 2.1). The common mechanism in these diseases seems to be misfolding of
affected proteins with expanded glutamine dretches, formation of insoluble
aggregates or intranuclear inclusons and eventua neurona death (Paulson, 1999;
Perutz, 1999). In addition to 'poly-glutamine diseases there is a least one more
example of a disease caused by expanson of single amino acid repeats. Muragaki et
a., (1996) have reported that expansion of poly-danine repeat in human homeo-box
protein HOX-D13 leads to synpolydactyly, which is characterized by abnormdity of
hands and feet. These observations point out the severity of ungable single amino
acid repests and their sgnificance in bio-medica research.
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Andyss of SWISS-PROT entries of proteins containing tandem single amino acid
repeats (n>=10) indicates that sngle amino acid repeats have not been assigned
cearly to any functiond domains. In severd cases, Sngle amino acid repests show
length variations in the same protein across species. For example, the TATA box
binding protein (TF [ID) contains a poly-glutamine region in its N-termind domain
that condss of 38 consecutive glutamine residues in Human, wheress 14 in hamder,
13 in mouse, 6 in chicken, 6 in viper and 4 in Xenopus (Figure 3.3). Thus, single
amino acid dretches may not serve any function and may be only a mechaniam for
increasing the sze of the protein (Green and Wang, 1994). The protein Structures are
intrindcally dable & donain levd and show condderable flexibility in terms of
sequence or length of short linker groups (Heringa and Taylor, 1997). Therefore, most
probably these repesats occur in the linker regions and their probable function may be
to smply serve as spacers between the domans (Golding, 1999; Huntley and
Golding, 2000). It can be gspeculated that expansons of amino acid repests,
particularly hydrophilic amino acids, could be tolerated to a condderable extent if
they occur in the linker regions and if they can be easly solvated on surface of the

protein.
Huntington disease protein:
Human MKAFESL K SF QRRURRRRARRNARRARARRAARAAPPPPPPPPPPPQL PQPPPQAQPL L PQPQPPPPPPPPPPGPAVAEEPL H
Mouse MKAFESL KSFQQQQUQQPPPQ- - - - - = = = - - - - - APPPPPPPPPQPPQPPPQEQ - - - - - - - - - PPPPPPPLPGPAEEPLH
Rat MKAFESLKSFQQQUQQQRPPPQ- - - - - - = = = = - - PPPPPPPPR. QPPQPPPQRQ- - - - - - = - - - - PPPPPPLPGPAEEPLH

Fugu-Fi sh  MKAFESLKSFQQQQ - - -~ - - == -==-==r-=nmnn- = TAEEI VQ

**************

TATA-box binding protein (TF-11D):
Human  GTGLTPGPI GNTNSLS! L EEQORIIERQQEERQRERRQRERRQRER0RQIERNQIRQQAVAAAY QST SQRAT QBT SERAPQLFHSQTL TTAPL

Hanster  GTGLTPQPI QNTNSLSI L EEQUREQQUUQQQQQAQAAQ- - = - === === === === ===~ AVATAAASVQBTSQRSTQRASGQTPQLFHSQTLTTAPL|
Mouse GTGLTPQPI QNTNSLSI LEEQQRQQAQUQQQAQAQAAAQ - - - == === === == m - - - - AVATAAASVQRBTSQRPTQEASGQTPQLFHSQTLTTAPL
Chicken  GTALTPQPVQBTNSLSI LEEQQRQUQQQQ: - -~ == == === === === -mommomooooo oo AAQBSTSQRATQGTSGQTPQLFHSQTLTTAPL
Vi per GTGLTPQRPAQSTNSLSI LEEQRRQRQQQQ- = - = === == === == -=m-soemcoocoocoeooooes AAAQBTSQPTQAPSAQTPQLFHSQTLTTAPL
Xenopus  GTGLTPQPVQTTNSLSI LEEQQRQQQR - == === == === === -s-somoooooooooooomo oo s TQSTLQRANQG SAIPQFHPQILTTAPL

************************ Lk R akkAAaAR AxEEEEER

Figure 3.3: Seguence dignment of poly-glutamine region of Huntington Disesse
protein and TATA-box binding protein from different organisms
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Snce protein crystd dructure sudies can give direct indghts into implications of
amino acid repetitions on protein secondary and tertiary structure, | scanned the
protein sequences from the PDB database for single amino acid repeats of length >=
10 dlowing a mismatch of 1 in 10 reddues. Table 3.4 describes the detected single
amino acid dretches dong with their reported secondary structures. It is evident that
poly-aanine dretches can form regular dpha helix as wel as combingtions of apha
helix, bends, turns and adso nonregular dructures. As observed in pulmonary
surfactant  associated polypeptide C  (PDB-ID  1SPF), dl  hydrophobic  poly-vaine
track formed a dngle dpha hdix. In Casequestrin (PDB-ID 1A8Y) and Ubiquitin-
conjugating enzyme Rad6 (PDB-ID 1AYZ), the poly-aspartate repests did not form
any regular secondary dructures possibly because they happened to be in the C-
terminal domains. It gppears that single amino acid repeats may adopt regular as well
as nonregular dructures and this could be largely influenced by ther hydrophobicity
/ hydrophilicity and their context in the parent protein.

3.3.2 Tandem aligo-peptide repeats:

Protein sequences from the SWISS-PROT database were further scanned for tandem
oligo-peptide repesats of length 2 to 20. Table 3.1 summarizes tota number of proteins
containing oligo-peptide repeats of various types wheress representative examples of
proteins are lisged in Table 35. Figures 34 and 35 show a few interesting oligo-
peptide repeat patterns observed in protein sequences.

Among the proteins containing long oligo-peptide repests, the antigenic proteins from
maarid paadte, Plasmodium, showed a wide range and high sequence
polymorphism (Figure 35). They include circumsporozoite protein, Sporozoite
aurface protein, merozoite surface antigen, ring-infected erythrocyte surface antigen,
duffy receptor (erythrocyte binding protein), madarid antigen P101 and santigen
protein. Except the santigen protein, adl others are cdl surface proteins and are
involved in interaction with the host cdls (Holder, 1994). In another protozoan
parasite, Trypanosoma, the shed antigenic proteins (trans-Saidase) contain extensve
12 reddue repests that act as immunomodulator and Stabilize sdidase activity of the
protein (Buscagliaet ., 1999).
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Table 3.5: Representdive proteins containing long tandem oligo-peptide repests

Qligo Accesson  Oligo-peptide repeating unit Number of Organism Protein name
length number repeats’
2 P19275 PT 45+27+10 TTV1 Viral Protein TPX
P10220 PQ 35 HSV Large Tegument Protein
P14922 QA 32 S cerevisae Glucose Repression Mediator Protein
P07663 Gr 29 D. melanogaster Period Circadian Protein
3 Q01443 PNN 26 P. bergha yodii Sporozoite Surface Protein 2
P54705 DSR 15 D. discoideum Putative Chromatin Binding Protein-SNWA
P07916 GP 13 G. gallus Elagtin
4 P14593 AAGN 66 P. brasilianum Circumsporozoite Protein
P08307 PNAN 43 P. falciparum Circumsporozoite Protein
P22699 TETP 21 D. discoideum Endoglucanase
5 P02840 PTTTK 23 D. melanogaster Sdivary Glue Protein SGS 3
P13730 XTKRA 16 D. erecta Sdivary Glue Protein SGS-3
P04985 PG/GY 11 B. taurus Elastins A/B/C
6 P19246 EAKSPX 9+30 M. musculus Neurofilament Triplet H Protein
PO8675 DGARAE 19 P. cynomolgi Circumsporozoite Protein
PO5790 SGAGAG 16 B. mori Fibroin Heavy Chain
7 P24928 SPSYSPT 47 H. sapiens RNA Polymerase Il Largest Subunit
Q00725 TEPPXCX 12+8 D. melanogaster Sdivary Glue Protein SGS4
P32323 TSXSSTS 17 S cerevisae A-Agglutinin Attachment Subunit
8 P13821 GPNSDEK 66 P. falciparum SAntigenProtein
P24587 TVQQAEEA 21 R norvegicus A-Kinase Anchor Protein 150
P10419 CREXQERF 18 A degantissma Antho-Rfamide Neuropeptide Precursor
Q62267 PEPCHPKA 12 M. musculus Smdl Proline-Rich Protein (Cornifin-B)
9 Q03110 CGDRADGPA 21 P.Smium Circumsporozoite Protein
P42565 XXDPFLRFG 13 L. stagnalis FmRfamide Related Neuropeptide Precursor
P10667 TTPETTTVP 12 X laevis Integumentary Mucin A.1
10 Q40375 PPVYKPPVEK 33 M. truncatula Repetitive Proline Rich Cell Wall Protein
PO7476 XEQREGQLEL 11 H. sapiens Involucrin
Q14242 XEAQTTXXAA 10 H. sapiens P-Sdectin Glycoprotein Ligand 1

Table3.5: continued...
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Table3.5: continued...

11

12

13

14

15

16

17

18

19

20

P09593
P19835
POB674
P23253
P97347
P13813
Q28824
P12027
P10547
P41809
P05143
P12036
P0OB021
Q60557
Q08696
P09815
Q99102
P24587
P21917
P24856
P32334
P0O2674
Q03180
P16112
Q03178
P15941
P0O7898
P26907
P0OB680

GGPGSEGPKGT
PVPPTGDSXXX
DGAAAAGEEGN
DSSAHXTPSTPX
QEXHXGKGERXD
TEETQKTVEPEQ
TPKPLXXXKPAE
ATSEAATGPSGDD
AEVETSKAPVENT
SXPXAXSSTYTSSP
QEPPPPGEPQPRPP
KSPEKAKSPXKXEA
VDKRFVREGKSVDGD
ETXTTVANGBVTPGG
AKKXKEXKEXKXCXXX
LXAGYGSTXTAXXXSX
XSSXSXGHATXLPVTD
QAEEATVGXXXXATVX
APXLPXXPOGPDCAPP
AATAATXATXATXAXXF
SQVSDTXVXXTXSXSSV
TGSXXGESVKTGERTEPN
KSTAAXVSQ XDAQVQAA
LETXAPGVEXI SGLPSGEV
XAXXSQ GDAQY QATTXTX
PPAHGVTSAPDTRPAPGSTA
PEI XXEXSTXXEXXGEXSAX
KGEEXTSXNHDKEFYCE! GX

RPPKPANQXGPPQREGQN

19

16

14

a4
14+5+4
13

13

33

15

24

13

9

10

7
23+10+16
45
13+23
12

7

46

7

22

8

22

8*

43

18

5

5

P. falciparum
H. sapiens
P. cynomolgi
T. cruzi

M. musculus
P. knowles
O. cuniculus
O. mykiss

S simulans
S cerevisae
M. musculus
H. sapiens
A californica
M. auratus
D. hydei

P. fluorescens
H. sapiens
R norvegicus
H. sapiens
N. coriiceps
S cerevisae
P. marinus
S carevisae
H. sapiens

S cerevisae
H. sapiens
G. gallus

B. subtilis

M. auratus

SAntigenProtein

Bile-Sdt-Activated Lipase
Circumsporozoite Protein

Sdidase

Repetin

110 Kd Antigen

Myosin Light Chain Kinase, Smooth Muscle
Apopolysialo-glycoprotein

Lysostaphin

HM1 Killer Toxin-Resistant Protein
Proline-Rich Protein MP-3
Neurofilament Triplet H Protein
FMRFAMIDE Neuropeptide Precursor
Oviduct-Specific Glycoprotein
Axoneme-Associated Protein MST101(2)
Ice Nucleation Protein

Tracheobronchia Mucin4

A-Kinase Anchor Protein 150

D(4) Dopamine Receptor

Antifreeze Glycopeptide Polyprotein Afgp7/Afgp8

M SB-2 protein

Fibrinogen Alpha-1 Chain

Covaently-Linked Cell Wl Protein 8 (PIR-3)
Aggrecan Core Protein Precursor
Covdently-Linked Cdl Wall Protein 6 (PIR-1)
Polymorphic Epithelial Mucin-1

Aggrecan Core Protein

Glucose StarvationInducible Protein B

Acidic ProlineRich Protein

adlowed mismatch levels are as described in Table 3.1
* contains aframeshift within the repeat



FEWISE-PROT: P12347 [sequence length 174)
PER_ACEME (P12347) PERIOD CLOCKE PROTEIN (P230) (FRAGMENT).
Di-peptide repeat unit:GT g9/ 102->
starting at 49 ETRAGTGTETETGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
—-GTGTIGTGTETRTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT I

>3WIS3-PROT: F149:22 [sequence length 266)
S8N6_YEAST (P1492Z2) GLUCOSE REPRESSICHN MEDIATOR PROTEIN.
Di-peptide repeat unit:Qi 69,78 -

starting at 433 $QAQAQAQAQAQAQAQAQAQAQAQAQAQADAQADAQAQAQAQADAHA
—DAQAQAKAQAQAQAQAQOOQOONQNQOQ00

FIWIZZ-PROT: P22699 [sequence lehgth 70O5)
GUNe_DICDI (P22693) ENDOGLUCANAZE PRECURZOR (EC 3.2.1.4) (ENDO-1,4-BET
Tetra-peptide repeat unit:TETP g1/92 -»
starting at 469 :TETPTETPTETPIETPTETPTETPTETPTETPTETPTETPTETPTE
-TETPTETPTETPTETPTETPTETVIPTPTVIPTETPSSGESLS T

>SWISS5-PROT: P249:2Z8 [gequence length 1970)

RPE1 HUMAN (P24528) DMA-DIRECTED RML POLYMERASE II LARGEST SUBUNIT (EC

Hepta-peptide repeat unit:SPEYSPT Z292/329->

starting at 1612 :SPSYSPT SPSYSPT SPSYSPT SPNYSPT SPSYSPT SPSYSPT

—-SPSYSPT SPSYSPT SPSYSPT SPSYSPT SPSYSPT SPSYSPT
—SPSYSPT SPSYSPT SPSYSPT SPSYSPT SPSYSPT SPSYSPT
—-SPSYSPT SPHNYSPT SPHNYTPT SPSYSPT SPSYSPT SPHNYTPT
—-SPNYSPT SPSYSPT SPSYSPT SPSYSPS SPRYTPQ SPTYTPS
—-SPSYSPS SPSYSPT SPEYTPT SPSYSPS SPEYTPT SPEYSPT
—-SPEYSPT SPEYSPT SPTYSPT TPEYSPT SPTYSPT SPVYTPT
—-SPEYSPT SPTYSPT SPEYSPT SPTYSPT SPEGSTY

FAWIZE-PROT: PZ4557 [sequence length 464)

LE15 RAT (P24587) L-KIMAL3E MNCHOR PROTEIN 150 (AKAP 150) (CAMP-DEPEN

Cota-peptide  repeat unit:TVGQAEEA 152/176->

starting at 179 :TVGQAEEA TVGDAEEA TVGDAEES TVGJAEEA TVGQAEES

-TVGQAGEA TYSHIEKT TVGAEEA IVGQAEEA TVGQAEER
-TVGAEEA TVGDAEEA TVLDOAEEA TVGQAEEA TVGQAGER
—LVGQAEEA IVALQAFEA TVGDAGEA TVGQAEFA TVGQAEEP
-IVGAEET VLEHASDL

FEWISEZ-PROT: POE976 [gequence length 524)
3Pl 3TAaAU (POZS7T6) INNUNOGLOBULIN G BINDING PROTEIN L PRECURSOR (IGG
Oeta-peptide  repeat unit :EDHHEPGE 93/ 112->
starting at 329 :EDHHEPGE EDHHEPGE EDHHEPGE EDHHEPGE EDHHEPGE
-EDHHKPGK EDGHEPGE EDHFKPGK EDGHEPGE EDHEKPGE
-EDGHEPGK EDGHEPGE EDCGHGVHYV VEPGDTVH

Figure 3.4a: A few examples of protein sequences containing tandem oligo- peptide
repeats




FAWISE-PROT: P192464 |sequence length 1087
NFH MOUSE (P19246) NEUROFILAMENT TRIPLET H PROTEIN
1Z-mer repeatihg unit..... ELESPGEAKSPA  173/204->
starting at 523 :EAKSPGEAKSPA EAKSPGEAKSPG EAKSPGEAKSPA EFPESPLEPEE
~EAESPLEPESPA TVESPGEAESPZ EAKSPAEAKSPA EAKSPAEAKS
~EAESPLEARSPA EAKSPATVESPG EAKSPSEAKSPA EAKSPAEAKS
-EAKSPLEVESPEG EAKSPAEPESPA EAKSPLAEVESPA EAKSPAEVEHS
—-EAKSP LAVESPL

(200 KD NEUROFILALHM

FBWIAE-PROT: 240375 [sequence length 23710
PEFz_MEDTE (Q40375) REPETITIVE PROLINE-RICH CELL WALL PROTEIN & PRECUR
Deca-peptide repeat unit:PPYYEPPVEE 324/330-»

starting at 32

*3WISE-PROT: P2191%7

: PEVYFPEFVEK
-PPVYEFPVEK
-PFVYEPFVEK
-PFVYEPFVEK
-PFVYEPFVEK
-PF IYEPFVEK
-PFVYEPPFVEK
-PFVYEPPVYE
-PFVYEPPFVEK

PFVYHKPFVEK
PEVYKPFVEK
PPFVYEFPFVEK
PPFVYEFPFVEK
PPFVYEFPFVEK
PPFVYEFPFVEK
PPVYKPPVEK
PPVYKFPPVEK

[zequence length 467)

PEFVYKPFVEK
PEFVYKPFVEK
PPFVYKPFVEK
PPFVYKPFVEK
PFVYKFPFVEK
PPFVYKFPFVEK
PPVYKPPVEK
PPVYKPPVTEK

PFYYKPFVYEK
PEFVYKPFVEK
PFVYKPFVEK
PFVYKPFVEK
PFVYKPFVEK
PP IYKFPFVEK
PPVYKPPVEK
PPVEKFPV YK

D4DE_HUMAM (P21517) D(4) DOPAMINE RECEPTOR (D(2C) DOPAMINE RECEPTOR) .

l6-mer repeating unit

APRLP)DPCGPDCAPP

97/ 128~

starting at 250 APRLPODPCGPDCAPF APGLPRGPCGPDCAPL APGLPPDPCGPDCAP
-APGLP(ODPCGPDCAPP APGLPRGPCGPDCAPP APGLPODPCGPDCAP

-APGLPFDPCGSIHCAPF DAVELAALPFOQTFFOQT

EHISS—PROT: FOSE15 [sequence length 1210)
hCEN PSEFL (PDO9515) ICE NUCLEATICNHN PROTEIN.

lo-mer repeating unit
starting at 259

LTAGYGSTGTAGEDSS
LTAGYGSTGTAGPDSS
-LTAGYGSTGTAGSDSS
-LTAGYGSTGTAGPDSS
~-LTAGYGSTGTAGSDSS
~-LTAGYGSTGTAGSDSS
-LTAGYGSTGTAGSDSS
-LTAGYGSTGTAGSDSS
-LTAGYGSTGTAGSDSS
-LTAGYGETQTAQEGES
-LTAGYGETOTAQEDSS
-LTAGYGSTOTACDHSS

409/512-5
LIAGYGSTQTAGGESS
LIAGYGSTQTAGGDES
LIAGYGSTQTAGGESS
LIAGYGSTQTAGGESS
LIAGYGSTQTAGGDSES
LIAGYGSTOQTAGGDSS
LIAGYGSTQTAGGDSS
LIAGYGSTQTAGGDES
LTAGYGSTSTAGPESS
LTAGYGSTSTAGFNSS
LTTGYGSTSTAGTOSS

LTAGYGSTQTAIVGED
LTAGYGSTQTAOVGEN
LTARYGESTQTAONGED
LTAGYGSTQTAQVGED
LTAGYGSTQTAQVGED
LTAGYGSTOQTAOVGSD
LTAGYGSTQTAOHGEN
LTAGYGSTQTAGHGE T
LIAGYGSTQTAGHEST
LIAGYGSTQTSGYEST

Figure 3.4b: A few examples of protein sequences containing tandem oligo- peptide

repeats




FEWIZZ-PROT: POSATA [zequence length 419)

C3P_PLACH (POS676) CIRCUMSPOROZOITE PROTEIN PRECURSICR (C3).

Tetra-peptide repeat unit:GHAG Z09/236->

starting at 102 : GHAGGHA GGHA GEHA GEHA GGHAD GHA GGHA G GHA G GHAGGHA GGH

- GHAGGHA GGHAGGHAD GHAGGHAGGHA GEHA D GHA GGHA GGHA G GH
~ GHAGGHA GGHAGGHAD GHA GGHAGGHA GEHA D GHA GGHA GGHA G GH
- GHAGGTAGGHAD GHA G GHA GGHAGGHA GEHA GGHA GGHA GGHA G GH
- GHA GGHA GGHAGGHAG LHAGNEKAGDAGAGOGOHNE LAWNMPHVE

FBWISE-PROT: P13521 [sequence length 640)

SANT PLAFW (P13521) 3-ANTIGEN PROTEIN PRECURSOR.

Ozta-peptide repeat unit:GPHSDGDE 528/ 544->

starting at S0 i GPHSDGDE GPHSDGDE GPHSDGDE

-GPHSDGDK GPHSDGDE GPHSDGDE
-GPHSDEDE GPHSDEDE GPHSDGDE
-GPHSDEDE GPHSDEDE GPHSDGDE
-GPHSDEDE GPFHSDGDE GPHSDGDE
-GPHSDGDK GPHSDGDE GPHSDGDE
-GPHSDEDE GPHSDEDE GPHSDGDE
-GPHSDEDE GPHSDEDE GPHSDGDE
-GPHSDGDE GPHSDGDE GPHSDGDE
-GPHSDEDE GPHSDEDE GPHSDGDE
-GPHSDEDE GPHSDEDE GPHSDGDE
-GPHSDEDE GPFHSDGDE GPFHSDGDE
-GPHSDGDK GPHSDGDE GPHSDGDE

GPHSDGDE
GPHSDGDE
GEHSDGDE
GPHSDGDE
GPHSDGDE
GPHSDGDE
GPHSDGDE
GPHSDGDE
GPHSDGDE
GEHSDGDE
GPHSDGDE
GPHSDGDE
GPHSDGDE

GPHSDGDE
GPHSDGDE
GEHSDGDE
GPHSDGDE
GPHSDGDE
GPHSDGDE
GEPHSDGDE
GPHSDGDE
GPHSDGDE
GEHSDGDE
GEPHSDGDE
GPHSDGDE
GPHSDGDE

*BWIZZ-PROT: POSATY [sequence length 378)

C3P PLAVI (POSETV) CIRCUMSPOROIOITE
Nona-peptide repeat unit:GDBADG)PA
starting at 96 : GDRADGOPLA
-GDRADG)PA

-GDRADG)PA

-GDRALG)PA

WISS-FROT: PZ3253

2-mwer repeating unit..... DSSAHSTPSTPA
starting at 593 :DSSAHSTPSTPA
-DSSAHGTPSTPA

-DSSAHGAPSTPA

-DSSAHSTPSTPA

-DSSAHGTPSTPV

-DSSAHGTPSTPV

-DSSAHSTPSTPA

-DSSAHGTPSTPA

-DSSAHSTPSTPA

-DSSAHSTPSTPA

-DSSAHGTPSTPA

PROTEIN PEECUR3IOR (C3).

170/198->
GDRADGOPA GDRADGOPA GDRALGOPA GDRADGOPA
GDRADGOPA GDRADGOFA GDRALGOPA GDRALGOPA
GDRALG)PA GDRADG)PA GDRALGOPA GDRADG(PA
GDPRALGOPA GDRAAG)PA GDRALAGOPA GNGAGE(LD

[sequence length 1162)
CHA TRYCR (P23253) SIALIDASE (EC 3.2.1.18)

502/564->
DSSAHSTESTRV
DESAHGTPSTRV
DSSAHGTPSTRPV
DSSAHSTESTRV
DSSAHSTESTEV
DSSAHSTPSTRA
DSSAHSTESTEV
DSSAHSTESTRA
DSSAHSTPSTRA
DSSAHGTPSTPA
DSSAHSTESTERA

[(NEURLMINIDASE)

(ML)

DSSAHSTESTRA
DSSAHSTPSTRV
DSSAHGTPSTPA
DSSAHGTESTRA
DSSAHGTESTRV
DSSAHSTPSTRA
DSSAHSTESTRA
DSSAHSTESTRA
DSSAHSTPSTRA
DSSAHSTPSTPV
DSSAHGTESTRA

{MATO

DSSAHGTESTPV
DSSAHSTPSTRV
DSSAHSTPSTPA
DSSAHSTESTERA
DSSAHSTESTEV
DESAHGTPSTRV
DSSAHGTESTRV
DSSAHSTESTRV
DSSAHSTPSTRV
DSSAHSTPSTPA
DSSAHSTESTERA

Figure 3.5: A few examples of antigenic proteins containing tandem oligo- peptide

repeats
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Structural proteins represent another class of proteins containing long oligo- peptide
repeats and a few examples can be quoted here. The proline rich plant cdl wal
sructurd proteins of Medicago and soybean have extensively repested deca-peptides,
PPVYKPPVEK. The cytoskdetd keratin proteins from higher animas contain
dycdne rich digo-peptide repeats like GGGL, GGGSF, GGGGF, GGGMGM, and
GGFGGA. The skin epidermd keratinocyte proteins, involucrins, loricrins, repeting,
and andl prolinerich praeins (cornifins) dso contan oligo-peptide repeats of
vaious types. The neurcfilament-triplet-H proteins of mammadian neurond axons
have tandem hexa-peptide, EAKSPA, repesats where serines are the stes of extensve
phosphorylation and cross-linking (Julien and Mushynski, 1998). Other structurd
protens containing dgnificat  dligo-peptide  repeats  include  hair  root  cell
trichohydins, tropodadtins dlk moth fibroins, Drosophila sdivary glue protens,
yeed cdl wdl protens epithdid mucins and catilage specific aggrecan core

proteins.

A dassc example of a protein containing evolutionarily conserved oligo- peptide
repeats is the largest subunit of RNA-polymerase-1l. The carboxy-termind domain
(CTD) of this protein consss of hepta-peptide, YSPTSPS, tandemly repested for ~6
to 47 times across a wide range of organisms including human, Drosophila, yeast, and
Arabidopsis The CTD seems to play an important role during transcription activation
and adso functions as a plaform for assembly of multiprotein complexes that hold,
glice and poly-adenylate premRNA as it is synthesized by the polymerase (Corden
and Patturgjan, 1997).

The Drosophila Period Circadian Protein contains long sretches of dipeptide
dydne-threonine repeats. These repeats are polymorphic in length in geographicaly
disinct populations and are possbly corrdated with the ability of flies to maintan a
circadian period a different temperatures (Sawyer et d., 1997). The srine-aginine
rich splicing factors of human, mouse and chicken have SR di peptide repeat domains
which have been found to be essentid for protein-protein interaction and dso as
gplicing activators (Graveley and Maniatis, 1998).
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Internd duplications in proteins may be grouped in 3 categories depending on the Size
of repedting units.  In the fird case, each of the duplicated domains congitutes
gructurdly and functiondly independent unit (eg. znc-finger doman, homeo
domain, SH2 domain, immunoglobulin domain) and possbly originaes from entire
exon duplication. The second category duplications are repeats of ~20 to 40 resdues
that have been identified in severa protein families (Groves and Baford, 1999,
Andrade e a, 2000; Table 3.6). Crysta sructure studies have shown that, in these
proteins, each of the repeated motifs adopts didtinct structurd units and when present
in tandem arays they exhibit driking superhdicd  dructures with  characteristic
handedness, twist and curvature (Figure 3.6). Each structurd unit may be composed
of two or more secondary dructura elements (eg. a/a, al/b, b/b, alala, alablb,
efc) and the successve repesting units are stacked through hydrogen-bonding and
hydrophobic interactions with the neighbors (Kobe and Kagava, 2000). The main
advantage of superhelical dructures is that they provide extended surface area and
facilitate protein-protein interaction for formation of large protein  complexes.
Perhaps, this may be the common role played by the helica repeats that otherwise
occur in various proteins performing diverse functions.

Table 3.6: Characteristics of some protein sequence repest families

Name of therepeat | Length | Number Functions of proteins containing repeats

of of repeats
repest ina
unit protein
Ankyrin repeat ~33 4-20 Transcription regulation cytoskeleton

organization, developmenta regulation,
toxins, membrane receptors

Armadillo repeats 40-42 10-12 | Cdl adhesion, Sgnding pathway

HEAT repeats 37-43 3-22 Huntington protein, dongation factor,
protein phosphatase

LeucineRich 20-30 4-30 RNAse inhibition, cdl adheson, sgnd

Repests (LRR) transduction and plant defense

Tetra-Trico- ~34 3-16 Chaperone, cdll-cycle, transcription

Peptide repesats regulaion, protein-transport complexes

(TPR)

WDA40 repeats 36-46 4-16 G-protein complex, , RNA processing,
transcription regulation, cytoskeleton
assembly
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Figure 3.6: Topology of repeated structural arrays observed in some protein sequence
repeat families. A> Armadillo repeats (PDB: 1BK5-A); B> HEAT repesats
(PDB: 1B3U-A); C> Tetratricopeptide repests (PDB: 1E96-B); D>
Ankyrin repeats (PDB: 1AWC-B); E> WDA40 repests (PDB: 1GP2-B); F>
Leucine Rich Repests (PDB: 1DFJ). All figures were dravn using
progran RasWin v2.4 (Roger Sayle). Color scheme: Alpha heices as
magenta, beta sheets as yelow and dl others as gray.
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The third category of internal repests could be tandem repeats of single amino acids
or short oligo-peptides. Here, the repeating units are smdl and are unlikey to form
independent  gtructurd  units. Rather, short oligo-peptide repeeting units may promote
regular gdructures when several units appear in successon. For example, crystd
dructure study demondrated that tandem imperfect hexa-peptide repests in UDP-N-
acetylglucosamine  acetyltranseferase formed  Ieft-handed pardld b-hdix (Reetz and
Roderick, 1995, PDB-ID: 1LXA). Each hexapeptide unit formed pardld b-strand
that resembled a sde of an equilaterd triangle, which in turn stacked one above the
another to form a gructure smilar to equilatera prism. Baeman et d., (1998) have
proposed that smilar b-helix dructures could be formed by tandem penta-peptide
repests, [A(D/N)Lxx],, observed in some bacterid proteins. The structurd models for
bacterid ice-nuclegtion proteins predict that the consecutive octa-peptide repeat units
in ice-nuclegtion proteins can form padld-antipardld p-strands that assemble in 48
resdue rectangular units (Kgava and Lindow, 1993; PDB-ID: 1INA). Such
rectangular planes present hydrogen bond donors and acceptors in a manner
andogousto ice crystd plane and can thus promote ice nucleation.

3.3.3 Periodic conservation of amino acids;

During the course of evolution, tandem oligo-peptide repeats might have undergone
subdgtitutions leaving behind only dgructurdly or functiondly important amino acids
unchanged. Therefore, to detect ancient repeat patterns, | andyzed the protein
sequences for amino acids conserved periodicaly a every second, third, fourth, fifth,
gxth, seventh, eighth, ninth or tenth podgtion. From this anadyss severd periodic
patterns emerged that could not be detected earlier by searching for tandem oligo-
peptide repeats. Some of the proteins containing periodic repeats are listed in Table
3.7 wheress, a few interesting patterns reveded from this study are depicted in Figure
3.7.

One of the mogt griking periodic behaviors is glycine repeated a every third podtion
in collagen proteins, the mgor sructurd proteins of bone, cartilage, skin and tendons

of higher animas Three collagen polypeptides wrap around esch other to form a
triple-helicd super-coiled gructure which is possble only if glycines occur at every
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third position on each chain (Brodsky, 1990). Subgtitution of a single glycine in type |
collagen has been reported to cause misfolding, leading to “brittle bone" diseese
(Baum and Brodsky, 1999). The collagenic triplet repests (GXY), have been adso
detected in severd globular proteins including collagenic tal peptide of acetylcholine
esterase, macrophage scavenger receptor, human complement subcomponent C1q and
mammdian c-type lectins like mannan binding protein, lung surfectant protein-D,
bovine conglutinin and collectin-43. The collagenic domains in these proteins alow
them to trimerize by triple hedicd winding that facilitates proper functioning of these
proteins (Krgci et d., 1997; Kishore and Reid, 1999; Hoppe and Reid, 1994;
Andersson and Freeman, 1998).

Periodic consarvation of amino acids may be useful in Sructurd packing of two or
more polypeptide chains of the same or different proteins. For example, as discussed
ealier, glycine & every third pogtion is essentid for triple helix formation (Brodsky,
1990). In case of leucine zippers, the leucines conserved a every seventh postion fall
on a draght line dong a sde of hdix and can zip together with a smilar motif of
another polypeptide (Landschulz et d., 1988; Figure 3.8). The dternately placed
glutamines on two beta-sheets can dericdly fit and exchange hydrogen bonds to form
polar zippers (Perutz et al., 1994; Figure 3.8). Periodicaly placed amino acid side
chains can dso facilitate one to one interactions with target aoms showing smilar
periodicity. One such example is found in type-l antifreeze protein of winter flounder
that contains three T(X),(D/N)(X), repests. The regularly placed threonine and
agpatate / asparagine resdues on this dpha heicd protein hydrogen bond with
equivdently placed oxygen aoms dong <0112> axis of {2021} ice planes and
prevent ice crystd growth (Chou, 1992; Sicheri and Yang, 1995; PDB-ID: 1WFA;
Figure3.9).
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Table 3.7: Representative proteins containing periodicaly conserved amino acids

Period Accession Repesting unit Number of Organism Protein name
number repeats”
2 P09789 (€4 160 P. hybrida GlycineRich Cdl Wall Structurd Protein 1
PO5790 & 51 B. mori Fibroin Heavy Chain
P40603 Px 35+20 B. napus Anther-Specific Proline-Rich Protein
P04265 (€74 43 X laavis Keratin, Typell Cytoskeletal |
3 P0O2461 &xx 352 H. sapiens Collagen Alpha1(l11) Chain
P05227 AXX 8l P. falciparum Histidine-Rich Protein Precursor
P35247 XX 59 H. sapiens Pulmonary Surfactant-Associated Protein D
P23805 XX 56 B. taurus Conglutinin Precursor
Q03637 &xx 55 T. marmorata Acetylcholinesterase Cdlagenic Tail Peptide
4 P15714 QXXX 24 E. tendla AntigenLPMC-61
P49919 Exxx 19 M. musculus Cyclin-Dependent Kinase Inhibitor 1c
5 P53353 Exxxx 42 V. wlpes Sperm Acrosomd Protein FSA-ACR.1
P36417 QXXX 20 D. discoideum G-Box Binding Factor
6 P97347 QXXXXX 42+12+19 M. musculus Repetin
Q28824 KPXXxx 41 B. taurus Myosin Light Chain Kinase, Smooth Muscle
P51861 EDxxxX 34 H. sapiens Cerebdlar-Degeneration-Related Antigen 1 (CDR34)
7 P22793 EXXXXXX 35 O. aries Trichohydin
Q28983 PTExxxx 33 S scrofa Zonadhesin
Q15428 PXXXXXX 27 H. sapiens Spliceosome Associated Protein 62
8 P16239 SXXXAXXX 131 E. herbicola Ice Nucleation Protein
P22792 LXXXXXXX 33 H. sapiens Carboxypeptidase N 83 KD Chain
P13983 PPXXXXXX 24 N. tabacum Extensin (Cell Wall Glycoprotein)
9 Q28107 Q<xLSPDxx 28 B. taurus Coagulation Factor V
10 P14708 QKALXXXXX 62 P. pygmaeus Involucrin
P17437 APAPAXXEXX 25 X. laavis SKkin Secretory Protein XP2

&gpproximate in some cases Snce different amino acids within a repeating unit show different levels of conservation
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FAWISE-PROT: POS790 [zequence length 276)

FBEOH_BOMMO (PO5S7S0) FIBRCIN HEAVY CHAIN PRECURSOR (FIE-H) (FRAGHMENTS).

51-G fevery Zecond pogition @169 I BTGAGAGSGAASGAGLGSGAGAGEGAGLAGS GAGLLGS
-GAGLGEG LG LGS GAGAGSGAGAGSGAGLGYGLGLGY
-GYGLAGLGEGLASGAGAGSGAGAGEGAGLGSGLGL

>BWISS-PROT: PO2517 [sequence length 213)
AMEX BOVIN (POZ517) AMELOGENIN, CLASS I PRECURSOR.
21-P Bevery Third position @137 :PHOPLOPHOPLOPMOPMOPLOPLOPLOPOPPVHP IO
-PLPPOPPLPPIFPMCPLPPMLPDLPLEAWP ATDETE

»BWISS-PROT: P27951 [zequence length 1164)
BAG STRAG (F27951) IGA FC RECEPTOR FRECURSOR (BETA ANTIGEN) (B ANTIGE
40-P [@ewvery Third position BEZ7 tPETPDTPEIPELPQAPDTPOAPDTPHVPESPELPEL
-PRVPESPETPEAPHVPESPEAPEAPRVPESPETPEL
-PHVPESPETPEAPKIPEPPETPDVPELPIVEPELPDV
-PELPDAPELPDGLNEVGQAVF TS TGN

FAWIZE-PROT: PL533E53 [zequence length 349)

ASPY VULVU (P53353) SPERM ACROSOMAL PROTEIN F3A-ACE.1 PRECURZOR (FRAGH

42-E [fevery Fifth position A51 ETAAGENTLSEHTSGERTSVEHAS AEHSSTEHTSG
-EHASGEHTAGERATGEHTS SEHATSEHTSGEQRSG
-EQPSGEES3GEQPIGEESSGEQRPIGERSLGEQPSG
-EQ33GEEISAEQTACEQLAVAEEPSGEHAVAEKPSG
~EQAVAERPSGE QAVAEEPLGEQLVAERFSGEQAS T
~EEASSEQASAEQAS AR QLS SEQLSGEKFLGEQREG

FBWISE-PROT: POZ2461 [sequence length 1466

Cil3 HUMAN (PO2461) COLLAGEN ALPHA 1({III) CHAIN PRECURSOR.

352-G @ewvery Third position F168 :GLAGYPGPAGPFGPPEPPGTSGHPGSPGIPGYOGEP
-GEPGQAGPSGPPGPFGAIGPSGF AGEDGESGRFGRP
-GERGLPGPPGIKGP AGIPGFPGMEGHEGFDGRNGEE
-GETGLPGLEGENGLP GENGAPGPUGPRGAPGERGRP
-GLPGLARARGNDGARGEDGOPGPPGPPGTAGFPGSP
—-GLEKGEVER AGSPGINGAPGORGEPGF QEHAGLQGRP
-GPPGINGEPGGEGENGP AGIPGAPGLMGARGPPGR A
—-GANGAPELRGGAGED GENGAKGEPGPRGERGEAGIP
-GVPGAEGEDGEDGEPGEPGANGLPGLAGERGAPGFR
-GPAGPNGIPGEEGPAGERGAPGF AGPRGLAGEPGRD
-GVPGGPENRGMPGEP GGPGEDGEPGPPESOGESGRP
-GPPGPEGPRGOPGVHGF PGPEGNDGAPGENGERGGE

Figure 3.7: A few examples of protein sequences showing periodicaly conserved
amino acids
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Polar Zipper

(Perutz et dl., 1994) Leucine Zipper
Figure 3.8: Zipper-like interactions shown by periodicaly conserved amino acid
residues
: % % }- . _
-Hﬁ & e . L s Y
G ; i oo
: %ﬁ* 5 g -
- ¢ A g:
="\ =\ =\ N
Icecrystal

Figure 3.9: Schematic diagran showing binding of anti-freeze protein (PDB-ID:
IWFA) to ice crystd. Arrows indicate conserved threonine residues that
hydrogen bond with equivaently placed hydroxyl groupsinice crysd.
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3.4 CONCLUSIONS:

My study provides a comprehensive picture of repest patterns observed in protein
sequences. Although, interna repeats have been detected in severd proteins and their
importance demongtrated in some cases, not much information is avalable about their
exact role in protein dructure and function. One advantage of these periodic patterns
is that they juxtgpose smilar functionad groups in space and thereby fadilitate zipper-
like interactions with target molecules. This provides a different perspective for
prediction of structurd modes and design of novel proteins. We hope that the extent
of repeat patterns as reveded from our database will be useful for further analyss of
internal repeats with respect to their origin, evolution and ber implications on protein
Sructure and function.
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ABSTRACT

Comparative promoter andyss is a promisng straegy to identify putative regulatory
motifs conserved in evolutionarily related sequences or in genes showing common
expresson profiles. To facilitate such andyss, | have developed a software tool that
detects conserved transcription factor binding Stes, cis-dements, padindromes and k-
tuples simultaneoudy in a set of promoter sequences. When promoter sequences of
diverse members of an orthologous gene family ae andyzed, the evolutionarily
consarved motifs can be identified and such sites can be expected to have a functiona
role. The program developed by me can dso be used to study promoters of genes
showing co-ordinate patterns of expresson to check if they have smilar regulatory
modules. Information from such anayss can be useful in understanding modular
organization of promoters and designing further experiments to unrave genomic cis
regulatory logic programmed in DNA sequences. The program TRES has been
implemented on a websaver and can be used from the URL:
http://bioportal .bic.nus.edu.sy/tres
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4.1 INTRODUCTION:

Among dl the genes encoded in a genome, only a few are expressed a a particular
time in a paticular tissue For proper growth, development and surviva of an
organigm it is essntid that pecific proteins or gene products be synthesized in
gopropriate  amount a  gppropriate time and space. The genes are complete
information units in the sense that they not only code for proteins but aso contain
address labd (promoter) that specifies where and when each of them should express.
A typicd promoter is an aray of specific modules (short DNA sequences) separated
by drings of nongpecific bases and organized sequentidly around transcription
initiation dte (Maniais et d., 1987). Different transcription factors bind to these
modules in a sequence pecific manner and by cooperative interaction they bring
about favorable changes in locd chromatin structure and participate in assembly and
activation of transcription initiation complex (Ptashne, 1988; Buratowski, 1994; Tjian
and Maniatis, 1994; Carey, 1998; Kadonaga, 1998).

To identify sequence moatifs involved in the transcriptiond regulaion of a gene, one
gpproach is to search for known transcription factor (TF) binding Sites in its promoter
DNA sequence and then design experiments to verify if conserved putative motifs
play any role in the regulaion of gene expresson. Once a putdive region of a
promoter DNA sequence is identified it can be mutated, fused to a reporter gene and
its effect on gene expression leve can be dudied by transformation. During the last
two decades, a large number of transcription factor binding Stes, cis-elements and
enhancer dements involved in the regulation of various genes from diverse organisms
have been identified and characterised. Databases such as TRANSFAC (Heinemeyer
et a., 1999), ooTFD (Ghosh, 2000) and PLACE (Higo et d., 1999) provide an
updated compilation of these dements. Severd computational tools have been
developed that search for putative regulatory sequence motifs in a given promoter
sequence (eg. SIGNAL-SCAN (Prestridge, 1996), Conslnspector (Frech et 4.,
1997d)). However, it is feared that string searches based on IUPAC consensus
sequence do not consider certain alowed mismaiches and differertid importance of
bases frequently observed in protein-DNA interactions (Stormo and Fields, 1998;
Frech et d., 1997b). Therefore, an dternaive drategy that is more widely used is to
search based on the postion weight matrices caculated by considering frequency of
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each base & each pogtion in a motif. The matrix based search is more reliable and
aso predicts the strength of a motif in a given promoter sequence (Chen et d., 1995;
Quandt et a., 1995; Frech et al., 1997c).

When a promoter DNA sequence is searched for putative TF binding sites from large
databases (eg. TRANSFAC), it is often noticed that several motifs appear to be
conserved dl over the promoter sequence.  However, not al of them could be
expected to be involved in transcription regulation and some of the motifs might
occur by chance done in a sequence, thus making it difficult to choose for further
expearimentd andyss. It is suggested that phylogenetic conservation of regulatory
motifs in sufficiently diverse orthologous genes can provide a rigorous testimony of
ther functiond role (Duret and Bucher, 1997). This “phylogenetic footprinting”
goproach has been used to identify evolutionarily conserved regulatory modules in
globin genes (Gumucio et d., 1996) and in light responsive plant promoters
(Argudlo-Astorga and HerreraEstrel, 1996). More recently, Mironov et d., (1999)
have demondrated usefulness of comparative promoter andyss in ther sudy of

orthologousregulonsfrom E. coli and H. influenzae.

Although comparaive promoter andyss is more informative to identify putative
regulatory dements, exiging programs do not adlow smultaneous andyss of related
sequences. Therefore, | designed a computer program that would search for known TF
binding dtes, paindromes ad highly conserved k-tuples smultaneoudy in a set of
sequences. This program has adso been implemented on a web-server so that it can be
eadly used through the Internet.

4.2 MATERIALSAND METHODS:

4.2.1 Program organization:

The program TRES (Transxiption Regulatory Element Search) is written in "C" and
implemented on Unix server. Usng TRES, as many as 20 promoter sequences, each
of maximum 1000 bp length, can be smultaneoudy searched for putative regulatory
elements. TRES has been organised in following 4 andysstools
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4.21.1. Matrix-search: This program scans the input sequences for conserved TF
binding stes using matrices described in TRANSFAC database (Heinemeyer et d.,
1999). From the nuclectide frequency distribution matrices, the postion weights and
matrix smilarity scores are caculated essentidly according to Quandt et d., (1995)
except that gaps are not considered and a pre-processed library of normaised weight
matrices is used during runtime. For a paticular nucleotide distribution matrix the
position weights ( po_wt(i) ) for each position(i) are caculated as,
po_wt(i) = (200/n(4) ) x (S rbf(bj) x In(rbf(bi))] + In4) )
be{ATGC}

where rbf(b,i) is relative base frequency of base(b) a postion(i). For any matrix,
maximum score (matrix_max_score) is caculated as,
matrix_max_score= S ( po_wt(i) x max_rbf(i) )

i=1lton
Where, (n) is length of the matrix and max_rbf(i) is maximum reative base frequency
at pogtion(i). In order to avoid recacdations during each runtime, a pre processed
library of normalised weight matrices has been created usng a ‘C' program. The
normalised weights for each base(b) at each position(i) are calculated as,

nomalised wt(b,i) =100 x ( po_wt(i) x rbf(b,i) ) / (metrix_max_score)

During matrix scanning, diding adong each segquence, the matrix dmilarity score is
cdculated by smply adding normaised weights.
metrix_smilarity_score = S ( normalised_wt(b,i) )

i=1ton
This directly gives a comparaive vaue in the range of 0 to 100. A TF binding Ste is
conddered to be consarved only if the matrix smilarity score fals above the user

defined cut-off vadue in the range 75 - 100. A representative nucleotide frequency
distribution matrix and caculated normadised weights are shown in Table 4.1.



Table 4.1: Nucleotide frequency didribution matrix* (TRANSFAC Acc. No.
MO00123) and calculated normalised weights for the occurrence of
different nucleotides a different postions in c-Mycd/Max  transcription
factor binding motif.

Postion in| 1 2 3 4 5 6 7 8 9 10 11 12
the motif

Nuclectide frequency:

A 71 21 3 0 29 0 9 2 0 7 4 14
C 7 3 11| 29 of 27 0 4 0 3] 12 4
G 5 1 9 0 0 o] 20 of 27 6 7 0
T 10 4 6 0 0 2 0| 23 2| 13 6 10
position 27| 381| 68| 100 100 819| 553| 537 | 8L9| 887| 569 | 284
weioht

Consensus N A N C A o G T G N N w
seguence

Normalised weights:.

A 011 57| 015 0 206 0 355| 077 0O 044| 016| 283
C 011 081| 054| 206 0| 157 0| 153 0O 019| 049 | o081
G 008 | 027| 044 0 0 0| 788 0| 157| 038| 028 0
T 015 109| 029 0 0 117 0 88| 117 082| 024 | 202

* Frequency of occurrence of different nucleotides at different pogtion in the motif
were determined by Blackwell et d., (1993) using in vitro binding Ste sdection
assay.

4.2.1.2. IUPAC-string search: Using this program, input sequences can be searched
for TF binding Stes or cis-acting elements based on IUPAC consensus sequences
described for the sites. Currently, a total of 3980 TF binding Stes from TRANSFAC
database (Heinemeyer et d., 1999), 5919 dtes from ooTFD database (Ghosh, 2000)
and 240 plant cis-acting dements from PLACE database (Higo et d., 1999) can be
searched.

4.2.1.3. Palindrome search: This tool detects different palindromic sequences
(perfect, as well as a few odd base(s) included) in the sequences. If b1 {A, T, G, C},
N is any base and c; is complementary base to b , then the program searches for

following pdindromes
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a Tetrameric padindromes of the form byb,(0-5N)c,c;

b. Hexameric paindromes of the form bb,b3(0-5N)csc,c;.

¢. Octameric paindromes of the form b, b,bsb,(0-5N) ¢,c5C,C;4 .

d. Decameric pdindromes of the form byb,bsb,bs(0-5N)cscc5C,C;.

4.2.1.4. ktuple search: This program searches for any string of length 5 to 50 bases
conserved in dl the sequences. If size of a gring is k, insteed of searching al 4¢
possible words, the program searches for only the subset that is represented in dl the
sequences  under  sudy. TRES  seaches  for  individud — k-tuple  gring
<basg;.........basgj+1 > Where i = 1 to n (number of sequences) and j = 1 to
(seq length — k ). Essentidly, each k-tuple is a window of sze 'k’ diding over dl the
sequences and searched on both the strands at a given mismatch leve.

4.2.2 Search and report parameters.

a  Mismach level: A user of the program can sdlect mismatch leve that can be
tolerated to condder a match. User can specify either no mismatch or a maximum

of 1 mismatch for every 15, 12, 10, 8, 7 or 6 bases of recognition sequence.

b. The location of the sites can be obtained with respect to TATA-box or beginning
of the sequence or end of the sequence. The first option is activated only if the
TATA-box has been detected initidly usng a weight matrix (Bucher, 1990), by
convention in last 150 bases of dl the sequences.

c. The dtes can be reported only if they are conserved in al the sequences or if

present in a minimum user defined number of sequences.

43 RESULTS

4.3.1 Implementation of TRES on the web:

The TRES progran is implemented on Unix sever a the URL:
http://bioporta.bic.nusedu.sytres. This URL provides a web form (Figure 4.1)
wherein users can cut and paste thelir sequences in a text box, sdect one of the 4

program modules and associated parameters and submit their sequences for online
search. At the server, a "CGlI Perl script” isinvoked that receives the information and
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Figure 4.1: Web inteface for the program TRES, avalable a the URL:
http://bioportal.bic.nus.edu.sytres



passes on to the "C" program that anayses the sequences and sends back the results to
the client. For dl the TRANSFAC, 0oTFD and PLACE dtes reported in the results, a
hyperlink is provided to the corresponding entry in the respective database and
thereby further information can be explored. Additiond information on the use of
TRES and test sequence st is dso available on the web.

4.3.2 Application of the program:

The application of program TRES has been exemplified usng a set of aA-ayddlin
gene promoter DNA sequences from human, mouse, mole rat and chicken. Crystdins
ae the sructurd proteins specificaly expressed in vertebrate eye lens and congtitute
~80 to 90% of totd lens soluble proteins imparting transparency and optimal
refractive index to lens (Kantorow et d., 1993). The regulation of aA-crysdlin gene
expresson is highly specific and limited to lens epithdia and fiber cels. Promoter
deletion experiments in cultured cells have shown that about -111 to +46 region of
mouse aA-crysdlin promoter or -162 to +44 region of chicken aA-cyddlin
promoter sequence is sufficient for lens specific expresson (llagan et d., 1999). Some
of the important regions involved in the regulaion of aA-crystdlin genes are depicted

in Fgure 4.2,
140 111 -75 A\ 35 +1 +24
> D C—= < 71
4 4
o/l [oe1]  [aAcrver] TATA

Figure 4.2: A sthematic diagram showing regulatory eements involved in aA-
cyddlin gene expression. DE- digd dement; P& proximd dement
TSS transcription sart Site.



In my analyss, | used ~400 bp upstream promoter sequences of human, mouse, mole
ra and chicken aA-crysdlin genes. The parwise dignment scores between these
sequences range from 42 to 70 (ClustatW, Thompson et a., 1994). Figure 4.3 shows
pat of the output files obtaned from TRES TRANSFAC dSte search and k-tuple
search. The program could detect dl the known regulaiory eements (Figure 4.2)
implicated in regulaion of aA-crygdlin genes. One of the novel observations from
my sudy is detection of a 8-tuple (TGGGGCTG) conserved at about -110 relative to
TATA box in dl the sequences (Figure 4.3c). This region could not be detected by
ClustatW multiple dignment program since it is conserved on podtive drand in
human, mouse and mole rat sequences wheress it is present on both postive and
negaiive srand at different locations in chicken promoter sequence (Figure 4.4).
Interestingly, this region corresponds to a putative USF binding-gte-A known to be
important in regulation of chicken aA-crysalin genes (Cvekl et d., 1994). However,
it has not been noticed or characterised in mouse aA-crystdlin promoter sequence
(Ilagan et al., 1999) probably because of its dtered location.

4.4 DISCUSSION:
441 Salient featuresof program TRES:

Transcription factors or their DNA binding domains are known to be conserved across
a wide range of evolutionarily diverse families Many transcription factors regulate
diverse st of genes and each gene may require complex assemblage of various
transcription factors for its activation. Therefore, known transcription factor binding
dtes are the potentid regulatory eements to search in new genes / promoters under
study. In order to detect TF binding sites in DNA sequences, | have ncluded both the
matrix based and IUPAC consensus gtring based searches in TRES.  For the matrix
search, the nucleotide frequency distribution matrices from the TRANSFAC database
(Heinemeyer e d., 1999) have been pre-computed into normdised weight matrices,
which hdps in saving the runtime. The IUPAC gring based search uses consensus
gtes described in TRANSFAC (Heinemeyer et d., 1999), ooTFD (Ghosh, 2000) and
PLACE (Higo et d., 1999) databases. Some of the disadvantages of IUPAC string
search, compared to matrix search, are compensated since user defined mismatches
can be tolerated and posshbility of fase postives can be reduced if many related

sequences are searched smultaneoudly.



A TRANSFAC site nane.. ... R02115 AACRYBPL$CONS

Site consensus sequence GGEEAAATCCC

S79457 Hunman -36 *

S79462 Mouse -35

ML7247 Mol e Rat -37 *

ML7627 Chi cken -39 *

B 10-t upl e- > TGCTGCTGAC (conpl i. sequence GICAGCACCA)

S79457 Human -80 TTCTGCTGACH
S79462 Mouse - 82 AGCTCCTGACH
ML7247 Mol e Rat -84 TGCTACTGAC
ML7627 Chi cken - 83 TTCTGCTGACY

C 8-tupl e->> TGAATG ( conpli. sequence.. CAGOOCCA)

S79457 Human: -114 TGAAXLTG
on- conpl i-strand- > -180 TGAAXLTC
S79462 Mbuse: -110 TAEXLTG
ML7247 Mol e- Rat -111 TGEXLTG
ML7627 Chi cken: -130 TGAOCTE
on- conpl i - strand- > -106 TCEXATG

Figure 4.3: Pat of TRES output files showing (A) AACRYBPL site (TRANSFAC
site search) (B) a 10-tuple corresponding to DE-1 element and (C) a 8
tuple corresponding to USF binding dte A (USFbsA), conserved in
human, mouse, mole rat and chicken aA-crysalin promoter segquences.
Stelocations are relative to TATA box and * indicates one mismatch.

S79457_Huran ooc\oeocroeoe(;AOAGTocx;revoecrocr CTTGTOCCA - 88

::3(::_’3\, (BOOGAGTGAGCATTCCA - 82

ML7247_Mole rat ACTGECOCCTACTGG - TC‘AGTGTGFGFW!#} GGTAAG ATCCCT - 84

ML7627_Chi cken TU@M@@U@@G ------- CTCOGCATTTCT - 80

* % * * * * * * % * * *

S79462_Mouse - -- AGCCTCTGCTGG - TCAGOGIGIGI TACTGEY

Figure 4.4. Pat of the multiple dignment of human, mouse, mole rat and chicken

aA-crysdlin - promoter sequences showing a conserved  8-tuple,
corresponding to USFbsA  (Figure 4.3c), undetected by aignment

program.




Another class of potentid transcription regulaiory eements are paindromic
sequences that show unique features of dyad symmetry and the ability to form
hairpins or loops, fadlitating protein binding in homo- or hetero-dimer form. For
example, the bzp and b-HLH family of plant transcription fadors identify core
palindromic sequence ACGT and CANNTG, respectively and they bind as homo- or
hetero-dimer (Meshi and Iwabuchi, 1995). Important advantages of dimerisation are
dability of protein-protein and protein-DNA interactions and generation of diversity
from a limited number of transcription factors (Lamb and McKnight, 1991).
Therefore, conserved palindromes are strong candidates to be considered as potentia
transcription regulatory dements. TRES provides a convenient tool to detect different

types of palindromic motifs conserved in aset of promoter sequences.

The k-tuple search is useful to identify sgnificantly conserved words in a st of
sequences. TRES is more powerful than multiple dignment programs, particularly if
conserved words are located at different postions / strands in different sequences or
contan a few migmaiches. For example, TRES detected a 8-tuple, TGGGGCTG,
consarved in different aA-crysdlin promoter sequences (Figure 4.3c) which was not
obvious in multiple dignment (Fgure 4.4). Wolfertdtetter et d., (1996) have
described a tuple search program to identify functiond eements from a st of
undigned sequences based on maximisgtion of information content. In contrast to
their complex dgorithm, | have used a smple diding window method to detect
conserved k-tuples of user defined sze. It should be noted that if the sequences are
highly dmilar, a very large number of conserved k-tuples are detected. My study
suggests that the sequences with amilarity score in the range of ~40 to 60% provide a
considerable noisy background for k-tuple search.

TRES is usgful to study consarvation of TF binding stes reative to TATA box. In
mgority of RNA polymerase-1l promoters, TATA box is the dte of assembly of
transcription machinery and provides a ussful reference postion for accurate initiation
of transcription.  Different transcription factors that appear during the course of
devdopment or those activated by specific environmentd stimulus bind to DNA in a
sequence specific manner and interact directly or indirectly in assembly and activation
of transcription initiation complex (Ptashne, 1988; Buratowski, 1994; Tjian and
Maniatis, 1994; Kadonaga, 1998). For proper protein-protein interaction, the TFs
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bound to DNA must approach close enough in proper orientation that may be
fecilitated by proximity of their cognate binding Stes or by looping out of the
intervening DNA hdix. The composte response dements, which bring TFs in close
proximity, fecilitatie unique combinaions of functiondly redundant TFs thus
generating novel patterns of regulaion (Miner and Yamamoto, 1991). For such
composite response dements, there might be condraints on spacing between TF
binding sites (Kd et d., 1995; Ficket, 1996). However, DNA being ahighly dynamic
polymer that can bend, twig, roll, dretch, dide, wind and unwind there can be
condderdble flexibility particulaly if long-range protein-protein interactions are
involved. Nonethdess, spatia consarvetion of regulatory motifs relaive to TATA
box indicaes that transcription factors binding to such dtes might be directly
interacting with the initiation complex assembled a TATA box.

4.4.2 TRES s useful to study phylogenetically or functionally related promoter

seqguences.

When a singe promoter sequence is searched for putative regulatory eements, a
conserved motif may occur by chance done in a sequence. On the other hand, if a
motif is searched in a set of promoter sequences, the probability of its random
occurrence smultaneoudy in al the sequences is less. Beddes, comparative sequence
andyss dso gives important clues about the spatiad organisation of different motifs in
context to each other. Therefore, it is obvious that conservation of a motif in a set of
sequences is more dgnificat and informative then its detection in a sngle sequence

provided that sequencesin the set are not too Similar.

Each time a DNA sequence is replicated, there are chances of mutation due to rare
falure of proof reading by DNA polymerase or by replication dippage or by
misreading of a base that has undergone chemica change. Mutations that do not
interfere with the norma functioning continue to accumulate wheress if they affect
the vitdity, they are sdected againgt during the course of evoltion. Therefore,
phylogenetic consarvation of a sequence motif in an othewise noisy background
strongly suggestsits functiond role (Duret and Bucher, 1997; Hardison, 2000).



To identify evolutionarily conserved functiond motifs, sequences from moderatey
diverse species should be sdected so that there has been sufficient evolutionary time
for mutations to accumulate in non-functiond regions. It has been suggested tha
orthologous genes from species with cumulative phylogenetic branch lengths greeter
than ~200 million years are good candidates for such comparative anadyss (Duret and
Bucher, 1997; Gumucio et d., 1996). Phylogenetic footprints have been defined as six
or more contiguous consarved bases in multiple dignments of orthologous sequences.
Present phylogenetic footprint andyds techniques use multiple dignment programs to
detect conserved regions in a set of sequences (Gumucio et a, 1996). However,
functiond modules that are reshuffled or that have undergone subditutions may not
be idetified by multiple dignment. Since k-tuple search can detect the motifs
consarved anywhere in the sequences or on ether of the strands, | suggest that ktuple
search isa powerful tool for phylogenetic footprint andyss.

TRES is dso useful to study @inctiondly related promoter sequences. If two or more
genes are expressed co-ordinately in the same tissue a same time or in response to
same environmental stimulation, the questions arise, whether such genes are regulated
by same mechanians and whether smilar kinds of transcription factors are required
for their activation? An indght into answers to these questions can be obtained by
sudying conservaion of potentid regulatory eements in functiond promoter regions
of genes that show smilar patterns of expression. Such an gpproach has been used to
identify regulatory eements conserved in a set of muscle specific genes (Wasserman
and Fickett, 1998). Frech et d., (1997a) have developed a method to generate
regulatory model from a set of sequences based on modular nature of promoters. Our
program uses smilar modular gpproach and can be useful to generate initid modd for
further use of program Model Generator.

Recent developments in micro-array based mRNA quantification make it possble to
identify a large number of genes with common regulatory programs (Bucher, 1999).
Such st of genes can be used to identify common regulatory modules involved in
their expresson. For example, Harmer et d., (2000) examined tempora patterns of
gene expresson in Arabidopsis plants using GeneChip arrays representing ~8200
different genes and observed that ~6% of the genes exhibited circadian changes in the
steady-state mMRNA levels. Further, comparative analyss of upsiresm promoter
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sequences reveded a conserved “evening dement’, AAAATATCT posshly involved

in conferring drcadian rhythmicity in plants Thus with ever-increasng avalability

of sequences and their expression profiles, comparative promoter anaysis appears to

be a promidng srategy to identify regulatory modules in genes of interest (Figure

45).
Gene of Interest
Orthologous genes from related Genes showing dmilar  expressor
species patterns e.g. genes expressed in same
tissue a sametime

. .

Make a diverse set of related promoter sequences

Andyze a st of related sequences for known Transcription Factor
binding Stes ds-acting dements, paindromic motifs, conserved k-
tuples or phylogenetic footprints

I

Identify putetive regulatory eements, conserved in  evolutionarily or
functiondly
experimentd andlyss

rdated genes, which may be consdered for further

Figure 4.5: A srategy for comparative promoter sequence anaysis




45 CONCLUSIONS:

Our program TRES provides a useful tool to analyse consarvation and gSpatia
digribution of potentid transcription regulatory dements smultaneoudy in a set of
sequences. TRES makes use of known information on transcription factor binding
dtes / cisdements and at the same time can detect new putative motifs (paindromes,
k-tuples or phylogenetic footprints). The man advantage of TRES over other
available programs is that it can andyse many related sequences a a time and report
only the Stes that are conserved in dl or in mgority of the sequences. Thus, motifs

that occur only in one or afew sequences, possibly due to chance, can be filtered.

| conclude that ingtead of searching for potentid regulatory eements in a single
promoter sequence, it is more informative to search Smultaneoudy in a st of
functiondly or phylogeneticdly related promoter sequences. Though our program is
not amed to predict any modes per se it hdps to identify potentid regulatory
modules which researchers can condder in context of available knowledge, develop
their own modds and design further experiments. As shown by Yuh et d., (1998), by
caefully designed experiments coupled with computationd andyss, it is possble to
unravel genomic ds-regulatory logic programmed in DNA sequences.
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THES SOVERVIEW:

At the dawvn of the new millennium, bio-medica research has arived a a very
exciting sage. One of the important paradigm shifts a this juncture has been,
unraveling of the complete genome DNA sequence information of human and severd
other eukaryotic and prokaryotic organisms. However, dthough this provides us
information about total sets of genes that shgpe a living entity, functions of a large
number of predicted genes Hill remain unckar and determining functions of these
genes will be the mgjor task for a next few years. The knowledge of complete genome
sequence will help us in designing experiments to ducidae complex metabolic
networks and understand cascading of genes during development. Further, from the
human genome sequence information it will be possble to map exact causd genes
involved in hereditary disorders and susceptibility to diseese and this will hdp in
development of preventive medicine and new therapeutic approaches.

The exponentia growth of biomolecular sequence data has necesstated development
of automated tools to retrieve meaningful information from the raw sequence daa
This has led to the advent of a new science of Bioinformetics thet acts as an interface
between biology, mathematics, computer science and information technology. The
pursuit of Bioinformatics is not only to manage and dissaminaie biologica deata, but is
dso to devdop new tools and andyze the informaion to discover new facts,
rdationships and biologicad principles. Some of the grand chalenges for
Bioinformatics for the next few years will be protein sructure prediction, finding
ggnificant  sequence homologies  paticulaly  in - twilight zones  phylogeny
condruction and genome sequence anadyss (Searls, 1998). The computationa
genomics will have to address a more integrated andysis of genome information to
understand metabolic  pahways, sgnding  networks,  functiond  grouping,
phylogenetic patterns and protein fold types (Tsoka and Ouzounis, 2000).

In my thess, | have atempted to andyze complete genome/chromosome sequences
avalable from a few eukaryotic species, to have an ingght into the organization of
smple sequence repeats a whole genome/chromosome level. My study reveds that
different genomes show characteridic didributions of various repests and the
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abundance or rarity of different repeats in a genome can not be explaned by
nucleotide compostion of a sequence or potentid of repested motifs to form
dternaive DNA dgructures. These observations have implications on current theories
explaining geneds of repeats where DNA-srand dippage mediated errors during
DNA replication and repair have been consdered to be the mgor mechanism in
expanson or deletion of repeat tracks. Alternative DNA dgructures formed by some of
the repeated motifs are thought to tabilize strand dippage and expedite dippage
events. However, dnce different genomes show different trends in enrichment of
specific repedts, it appears that gpart from nucleotide compostion of repeat motifs,
speciespecific cdlular factors interacting with them are dso likdy to have an
important rolein the genesis of repedts.

Several researchers have used E. coli and yeast modd systems to study mechanisms
of repea expansion. Indeed, these studies have provided vauable information about
relationship between ingability of microsatdlite loci and cdlular factors involved in
DNA replication, recombination and mismatch-repair. However, consdering the
characteridtic differences in microsadlite didributions in human, compared to yeast
or E. cali, it becomes obvious that we are gill far from a modd system to understand
abnorma repeat expansons involved in severd human neurodegenerative disorders.
Avalability of a large number of microsatelite loci identified from complete
chromosome sequences should now dlow direct invedigations to understand the
location and sequence dependent indability of microsatdlite loc in  different

genomes.

Genesis of smple sequence repeats could be considered as an aberration in normal
DNA processng and these aberrations can occur even in the protein coding regions of
DNA, leading to appearance of repeated sequence patterns in proteins. Since smple
sequence repeats mutate by additions or deetions of whole repesting units, these
events may dter the reading frame and can dragticadly change the amino acid
sequence of a protein. For example, when a dinucleotide repest in a protein coding
region expands by addition of one dinucleotide unit the reading frame would be
dtered by +2 beyond 3' end of the repeat track. However, deletions or expansions of
trinuclectide repeets or multiples thereof (e.g. hexanucleotide repeats) do not dter the

reading frame since nuclectides are added or removed in multiples of three
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Emergence of a trinucleotide repest in a coding sequence can result in gppearance of a
gngle amino acid repest dretch in the encoded protein. However, successve
expangon events in a trinucleotide repeat region can cause further expansons in
sngle amino acid repeat region of the protein that, beyond certain limit, can
dradticdly affect protein sructure and function. From the andyss of complete
genome coding DNA sequence sets of yeast, C. elegans and Drosophila, | have found
that expansons of codon repeats corresponding to smal hydrophilic amino acids are
more tolerated compared to codon repeats encoding hydrophobic amino acids. These
obsarvations were further subgtantiated from the anadyss of dl the protein sequences
from the SWISSPROT database. Perhaps, expansons of single amino acid repesats of
amdl hydrophilic amino acids are likdy to be tolerated if they occur in the linker
regions and if they can be eadily solvated on surface of the proteins.  On the other
hand, expanding dreiches of hydrophobic amino acids probably collgpse towards
interior causing protein misfolding.

In addition to single amino acid repeats, | have aso studied occurrences of short
tandem repeats in protein sequences and have observed that interna repests of various
types, lengths and sequences occur in severd proteins. Since amino acid sequence of
a protein determines its gructure, it would be interesting to know whether repeated
sequence patterns are reflected in repeated structura @tterns. One advantage of these
repeated patterns could be that they can provide regular arrays of spatiad and
functiond groups that could be useful for dructurd packing or for one to one
interactions with target molecules. Indeed, researchers have idertified severd protein
families containing internd repeets where each of the repeating units forms a didinct
sructurad  unit. However, mgority of these families have longer repeding units (~20
or more resdues) and we ill do not know much about the $ructures formed by short
tandem repeats. We hope that the wide range of interna repesats observed in protein
sequences, as reveded from our database (TRIPS), will bring grester interest among
researchers to undertake further studiesin this direction.

Comparative sequence andyss is a vey informaive approach to ducidate
evolutionary rdationships and to understand dructurdly and functiondly important
regions in the DNA and proteins. Smilarly, comparative anadysis of relaed promoter

sequences is increedngly being conddered as an  effective drategy to  identify
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functiond regulatory modules. | have desgned a computer program, TRES, which
dlows smultaneous andyss of severd promoter sequences to identify putetive
regulatory motifs conserved in a set of sequences. TRES could be useful to identify
evolutionarily conserved moetifs in  orthologous promoter  sequences.  Recent
developments in DNA-microarray technology now dlow tracking of expresson of
each and every gene a various sngpshots during development or in response to
gpecific simulus. From such andyss it is possble to identify a large number of genes
that show coordinate patterns of expresson and comparative promoter seguence
andyss of such genes can unravdl common regulatory modules directing their
expresson. Further improvements in TRES will be necessary to make the TRES
program more robust to andyze promoter sequences of a large number of genes

typicdly identified from genome scae expresson Sudies.

In summary, in my thess, | have made an attempt to show how gpplications of smple
progranming desgns are useful to generate new biologica information. With the
exponentid growth of sequence and sructure data, Bioinformatics will continue to
play an important role in new biologcd discovery and in formulaing inteligent
questions for designing experiments. Findly, as Jacquous Monod sad, "The ultimate
rationde behind al purpossful sructures and behaviors of living things is embodied
in the sequence. And in a redl sense, it is a this level of organization that the secret of
life (if there is one) is to be found.”
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