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ABSTRACT 

In this study, three different mammalian genomes are investigated with respect to their 

transcript diversity. The main focus of the thesis is investigation of how this transcript 

diversity reflects on the protein structures. Within the three genomes, specifically 

Transcription Factor genes are analyzed. The methodologies employed include 

biological data retrieval from contemporary biomedical resources, storage of data in a 

relational database and further computational analyses. 

Our results revealed that both in human and in mouse more than half of the TF genes 

analyzed have unique transcripts which code for proteins with unique domains. That 

is they have at least 2 unique transcripts coding for differential protein domain 

structures. Importantly, the unique domain coded by one of the TF transcripts and not 

the other conveys DNA-binding ability. This is the case for 51% of TF human genes 

and 52% of TF mouse genes. Given the lesser number of transcripts sequenced per rat 

TF genes in general, this percentage stays at 37%, as expected. 

The overall conclusion from this thesis is that the majority of TF genes have transcript 

diversity and that this transcript diversity brings diversity in protein structures and thus 

in functions. 

Keywords:  

Transcription factor, genomes, transcripts, protein structure, domain function, DNA-

binding, biological databases, data retrieval and storage. 
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ÖZ 

Bu çalısmada, üç farklı memeli organizmanın genomlarının transkript çeşitliliği 

incelenmiştir. Tezin temel amacı ise transkript çeşitliliğinin protein yapısındaki 

etkilerini incelemektir. İncelenen üç genomun özellikle Transkripsiyon Faktörlerini 

(TF) kodlayan kısımları analiz edilmiştir. Bu çalışma süresince kullanılan metotlardan 

bazıları güncel biyomedikal kaynakları kullanarak biyolojik veri toplamak, toplanan 

veriyi saklamak, veriye çeşitli yollardan ulaşılabilecek bir bilgisayar veritabanına 

kaydetmek ve çeşitli hesaplamalı analizler yapmak olmuştur.  

Sonuçlar göstermiştir ki hem insan hem de fare genomlarında analiz edilen TF 

genlerinin en az yarısı kendilerine özgü yapısal bölümler (domain) içeren proteinleri 

kodlayan transkriptlere sahiptir. Diğer bir deyişle, bu genlerin, her birinin farklı özgün 

yapısal bölümlere sahip en az 2 proteini kodlayan değişik transkriptlere sahip olduğu 

anlaşılmıştır. En önemlisi, iki TF transkriptinden sadece birinde gözlenmiş olan özgün 

yapısal bölümün, DNA ile bağ kurma kabiliyetine sahip olmasıdır. Bu farklılık insan 

TF genlerinin %51’inde, fare TF genlerinin ise %52’sinde gözlemlenmiştir. Sıçan TF 

genlerinin sekanslanmış transkript sayısının düşük olduğunu göz önüne alırsak, bu 

yüzdelik beklendiği gibi %37 civarında kalmıştır.  

Bu tezden çıkarabileceğimiz genel sonuç şudur ki TF genlerinin çoğunun transkript 

çeşitliliği yüksektir, ve bu çeşitilik proteinlerde görülebilir yapısal ve buna bağlı olarak 

fonksiyonel farklılıklara yol açar. 
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 Chapter 1 

1. INTRODUCTION 

 Background 

Transcript diversity is important in generating protein diversity and increasing the 

complexity, hence functionality of genomes. In this study, the focus is on three 

mammalian genomes; human, mouse, rat, their transcript diversity and the effect of 

this diversity on their protein structures. In particular, the transcription factor (TF) 

genes within the three genomes are studied. 

The transcripts coded by each TF gene which each genome are analyzed with respect 

to the protein domains they code. Differential protein domain coding by different 

transcripts of the same gene is documented as an indicator of protein functional 

diversity. 

TFs are required for the regulation of gene expression and they are found in all 

eukaryotic species. The number of TFs found within an organism rises with genome 

size [1] [2]. For example, in the human genome approximately 2600 proteins have 

DNA-binding domains, and most of these proteins are presumed to function as 

transcription factors [3]. Hence, approximately 10% of genes in the genome code for 

TFs [4], which makes this family, the single largest family of human proteins with a 

very important cellular function. Furthermore, previous studies have shown the TF 

protein structure variation due to transcript variation [5].  
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 Thesis Contribution 

In this study, the association between transcript diversity and protein domains is 

investigated. The work done includes analysis of different human, mouse and rat RNA 

isoforms coded by the same gene, which potentially produce proteins with different 

domain architectures and hence functionality. Similar work has been performed before 

in mice, demonstrating such differences [5]. 

 Thesis Outline 

At the outset, an overview of bioinformatics is introduced, and some molecular biology 

concepts which are very useful to understanding thesis are presented, along with a 

literature review in Chapter 2. Chapter 3 shows the methodology used to retrieve data 

and to design the database, as well as codes that were developed to analyze the TF 

genes which produce multiple transcripts. In Chapter 4 conclusion on the results and 

future works related to this field are provided. 
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Chapter 2 

2. OVERVIEW of BIOINFORMATICS and 

MOLECULAR BIOLOGY 

 An Overview of Bioinformatics 

Bioinformatics is an interdisciplinary field that develops and applies computational 

technologies to study biomedical questions [6]. Bioinformatics tools are used to 

manage, search and analyze large amounts of data (also referred to as “big data”) in 

the life sciences. As a methodology, bioinformatics is a top-down, holistic, data-

driven, genome-wide and systems-wide approach that generates new hypotheses, finds 

new patterns, and discovers new functional elements [6][7]. 

The interdisciplinary nature of bioinformatics is reflected in that it studies questions in 

biology and medicine, while developing and applying methods in computer sciences, 

mathematics, statistics, and physics. It has some overlaps with medical/clinical 

informatics, systems biology, and synthetic biology.  

The “bio” in bioinformatics signifies the biological questions it studies, many of them 

could be grouped under the conceptual framework from genotype to phenotype. Figure 

2.1 is showing bioinformatics research from genotype to phenotype. 

 
Figure 2.1: Bioinformatics research from the main theme of the Central Dogma and 

axis from genotype to phenotype. (The figure is taken from[8]). 
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The “informatics” in bioinformatics signifies the information processing and 

computational methods, and runs along the axis from data to discovery. Figure 2.2 is 

showing bioinformatics research from angle of information sciences. 

 
Figure 2.2 : Bioinformatics research from the angle of information sciences, from the 

main theme of from data to discovery. (The figure is taken from [9]). 

During the last 60 years, bioinformatics has been rapidly developing, which is closely 

related to the developments of molecular biology and computer sciences. In 1950s and 

1960s, many critical concepts and technologies in molecular biology were established. 

At the same time, many important concepts, software, and hardware of computer 

sciences were also generated. As it came to 1970s and 1980s, molecular biology and 

computer sciences started to merge, and this has been ongoing with increasing growth 

since 1990s [7][10]. 

Some of the classic bioinformatics questions first emerged around 1960s [7]. In the 

1980s, the scientific questions, technologies, and research reached a critical mass, and 

bioinformatics as a field emerged, and experienced astonishing growth since the 

1990s. The first appearance of the word “Bioinformatics” was in a little known Dutch 

paper published in 1970 [7][11]. In 1978 Pauline Hogeweb wrote in an English paper 

that she identified her research as in ”Bioinformatics” Many people refer to this paper 

as the origin of the word of ”Bioinformatics” [7][12].  
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 Basic Molecular Biology Concepts 

In this section some basic concepts of molecular biology are introduced. 

2.2.1 DNA Structure 

The structure of the DNA molecule was first inferred by James Watson and Francis 

Crick based primarily on X-array crystallography data collected by Maurice Wilkins 

and Rosalind Franklin, and chemical analysis of base composition of DNA conducted 

by Irwin Chargaff that known as Chargaff’s rule [13-15]. According to this rule, 

adenine in one strand only hydrogen bonds with thymine, and guanine only hydrogen 

bonds with cytosine. [14]. The Chargaff’s low is illustrated in Figure 2.3. 

 
 

Figure 2.3: Chargaff's Law: A=T, G=C. (The figure is taken from [16]). 

The key features of the structure are its right-handed double helical structure. Each 

helix consists of an alternating sugar-phosphate backbone with nitrogen bases 

projection toward the interior of each helix. One complete 360-degree turn of the helix 

covers 10 bases of length and equals 3.4 nanometers in physical distance along the 
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axis of the molecule. The width of the double helix is 2 nanometers [13]. The DNA 

structure is shown in Figure 2.4. 

 
Figure 2.4: DNA structure. (The figure is taken from [17]). 

The nucleotide bases are attached inside each backbone of the molecule so that the 

nucleotides in one helix or strand are hydrogen bonded to the bases in the other helix 

or strand. The hydrogen bonds hold the two strands of the double helix together. 

Guanine-cytosine base pairs form 3 hydrogen bonds while adenine-thymine base pairs 

form 2 hydrogen bonds. This makes guanine-cytosine base pairs more stable than 

adenine-thymine base pairs. Nucleotide pairing between strands also allows the 

sequence in one strand to determine the sequence in the complementary strand [18]. 

The two ends of a strand are not identical. One end of each strand a 3 prime hydroxyl 

group of the deoxyribose sugar is not involved in the backbone or it is free, while at 

the other end of the same strand the 5 prime hydroxyl group of the deoxyribose sugar 

at the end is free or may contain a phosphate that is free and not bonded to another 
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deoxyribose sugar. This dissimilarity of the two ends of a strand creates the ability to 

uniquely distinguish each end of the strand. Because of this polarity of each strand the 

two strands of DNA are oriented in opposite directions or they are antiparallel [18]. 

2.2.2 Gene Expression 

The central dogma of molecular biology describes two major steps: transcription and 

translation. These two steps are separated in eukaryotic cells [19]. Transcription occurs 

only within the nucleus to produce a pre-mRNA molecule.  Eukaryotic mRNAs are 

modified before they are translated. Introns are removed and the remaining exons are 

spliced together. A 5΄ cap and a 3΄ tail are added. The processed mRNA travels to 

the cytoplasm where translation occurs [18][19]. These processes are shown in Figure 

2.5.  

 
Figure 2.5: Control of Gene Expression in Eukaryotes. (The figure is taken from [20]). 

The sequence of nucleotide bases in DNA carries genetic information in units that are 

referred to as genes. Structural genes encode the information for specific proteins. 

These genes are composed of numerous short-coding sequences referred to as exons, 

interspersed between long stretches of noncoding sequences referred to as introns 

[18].The structure of a eukaryotic gene is illustrated in Figure 2.6. 
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Figure 2.6: Basic structure of a eukaryotic gene. (The figure is taken from [21]). 

To create a protein, a gene must first be transcribed into a sequence of nucleotide bases 

in form of a messenger RNA (mRNA) molecule [18]. 

Firstly, the genetic information in cells from DNA is read and transcribed into a pre-

mRNA molecule. Mature mRNA is produced from pre-mRNA by RNA processing, 

this process includes capping, splicing, and polyadenylation of the transcript [22]. 

Then mRNA provides the code to construct a protein by a process referred to as 

translation. The mRNA sequence is then translated into an amino acid sequence of a 

protein [18]. 

This sequence of amino acids in a protein molecule determines the shape and chemical 

characteristics of the protein. Thus, each gene specifies a specific protein in the cell 

that carries out a specific function based on its chemical characteristics and molecular 

shape. This function of the specific protein gives the cell and the organism the specific 

trait coded for by the gene [23]. It is interesting that one gene could code for more than 

one type of mRNA molecule and hence could result in different protein products. This 

protein diversity generated by the transcript diversity is the focus of this thesis, as 

further described in the following section. 

2.2.2.1 Transcription 

Transcription is the synthesis of messenger RNA. The process of transcription has 

three stages: initiation, elongation, and termination [24].  
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A structural gene is constituted of a sequence of bases in a DNA molecule consisting 

of a coding region with an upstream promoter and a terminator downstream of the 

coding region. Attachment of RNA polymerase to the promoter region and formation 

of an open complex, starts transcription. But, for RNA polymerase to successfully 

attach to a eukaryotic promoter and make the transcription begin, a set of proteins 

referred to as transcription factors (TFs) should first assemble on the promoter 

[18][25]. Initially, proteins called basal factors bind to a short sequence in the promoter 

called the TATA box. Later on other basal proteins bind to form the full transcription 

factor complex, which is now able to recruit the RNA polymerase. Another set of 

transcription factors called co-activators link the basal factors with activators. 

Activators are regulatory proteins, they have the ability to bind DNA sequences called 

“enhancers”. Many enhancers, which are scattered around the chromosome, could bind 

different activators, which provide a variety of responses to various signals. When a 

second kind of regulatory protein referred to as repressor binds to a “silencer” 

sequence located near to or overlapping an enhancer sequence, the corresponding 

activator can no longer bind DNA. After this process, RNA polymerase binds to 

promoter and initiates transcription [25-26]. 

RNA polymerase moves along the template strand of the DNA, synthesizing the 

complementary single-strand messenger RNA molecule. Synthesis is in the 5΄ to 3΄ 

direction, with new nucleotides being added to the 3΄ end of the growing messenger 

RNA molecule. As the RNA polymerase advances along the DNA, it unwinds a new 

stretch of DNA and allows the previous stretch to close [27]. The messenger RNA 

sequence is elongated as the RNA polymerase moves down the DNA molecule, until 

the RNA polymerase reaches the terminator region. When sequences in the terminator 
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region are encountered, transcription is terminated.  In fact, when RNA polymerase 

reaches a specific sequence of nucleotides on the DNA referred to as the transcription 

terminator, a hairpin loop structure forms in the messenger RNA causing the RNA 

polymerase and the messenger RNA to dissociate from the DNA. This causes RNA 

polymerase to dissociate from the DNA molecule, and the completed transcript is 

released [27-28]. The main stages of transcription mechanism are shown in Figure 2.7. 

 
Figure 2.7: Phases of eukaryotic transcription. (The figure is taken from [29]). 

2.2.2.2 Translation 

Translation begins when messenger RNA binds to the ribosome. The initial transfer 

RNA (tRNA) occupies the P site on the ribosome [30]. Subsequent tRNAs with bound 

amino acids, first enter the ribosome at the A site, as sown in Figure 2.8. 
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Figure 2.8: Ribosome structure. (The figure is taken from [31]). 

The complementary matching of three nucleotides on the transfer RNA, called the 

anticodon, and three nucleotides on the messenger RNA, called the codon, ensures the 

correct sequence of amino acids. The messenger RNA passes along the ribosome in 

short spurts of  3 nucleotides at a time. As this occurs, the initial transfer RNA is moved 

to the E site and its amino acid is transferred to the second amino acid at the P site. At 

the same time, a new codon is presented at the A site. The initiating transfer RNA, 

which now no longer carries an amino acid, leaves the E site and the next transfer 

RNA, with a complementary anticodon, enters the A site. Each time a new codon 

sequence moves into the A site, a new transfer RNA brings in an amino acid. The old 

transfer RNA paired with the previous codon is passed to the P site and then to the E 

site as the amino acid it carried is transferred to the growing amino acid chain. As the 

ribosome proceeds down the messenger RNA a stop codon is finally encountered. At 

this point the ribosomal complex falls apart and the protein is released into the cell 

[30-31]. Translation proceeds in three phases. The first phase is, initiation, during 

which the ribosome is bound to the specific initiation (start) site on the mRNA. The 

second phase, elongation, consists of joining amino acids to the 

growing polypeptide chain according to the sequence specified by the message. The 

http://www.nobelprize.org/educational/medicine/dna/a/translation/initiation.html
http://www.nobelprize.org/educational/medicine/dna/a/translation/elongation.html
javascript:window.open('/prog/php/glossary/gloss-window.php?sourceID=5&word=polypeptide','glosswindow','scrollbars=yes,width=400,height=250');void(0);
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termination codon gives the signal for the third and last stage of protein synthesis, 

which is termination [32]. The main stages of translation mechanism are shown in 

Figure 2.9.  

 
Figure 2.9: Stages of eukaryotic translation. (The figure is taken from [33]). 

2.2.3 RNA Splicing 

Most eukaryotic genes are consisted of numerous short-coding sequences referred to 

as exons, interspersed between long stretches of noncoding sequences referred to as 

introns [34]. RNA splicing removes introns from the pre-mRNA and attaches the 

exons together. Splicing involves a complex referred to as the spliceosome that has 
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subunits referred to snRNPs. Each snRNP contains a small nuclear RNA and proteins. 

Specific sequences are essential for intron removal by the spliceosome.  

Among the requirements are a GU at the 5΄ end of the intron (also referred to as the 

5΄ splice site) and AG at the 3΄ end (or 3΄ splice site). A branch site toward the 

middle of the intron is also needed, this sequence contains an adenine (A) that plays 

an important role in the intron removal [35-36]. The 5΄, 3΄ splice sites and the branch 

site are shown in Figure 2.10. 

 
Figure 2.10: Sequences required for splicing. (The figure is taken from [37]). 

Splicing involves several detailed steps. Firstly U1 snRNP binds to the 5΄ splice site 

and later on U2 snRNP binds to the branch site. Figure 2.11 shows these initial 

reactions [35-37]. 

 

Figure 2.11: Binding of U1 and U2 snRNPs to the pre-mRNA molecule. (The figure 

is taken from [37]). 

Next, the trimer of U4, U5 and U6 snRNPs binds, completing the spliceosome 

assembly [35-37]. The spliseosome assembly is shown in Figure 2.12. 

Exon Exon 

Intron 
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Figure 2.12: Spliceosome assembly. (The figure is taken from [37]). 

The 5΄ splice site is cut, and the 5΄ end of the intron is attached to the adenine in the 

branch site to form a structure referred to as the lariat. Then the U1 and U4 snRNPs 

are released, and the U6 and U5 snRNPs shift positions and finally the 3΄ splice site 

is cut and the exons are connected together, meanwhile the lariat is released along with 

the parts of the spliceosome which remained [35-36]. The spliceosome disassembly is 

shown in Figure 2.13. 

 
Figure 2.13: Spliceosome disassembly. (The figure is taken from [37]). 

The spliceosome subunits will later dissociate from the lariat, and the lariat will be 

degraded. The final outcome is that two exons have been covalently attached to each 
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other, and the intervening intron has been removed [35]. Figure 2.14 shows the exons 

connected together. 

 
Figure 2.14: The exons connected to each other. (The figure is taken from [37]). 

2.2.4 Alternative Splicing 

The process that the primary transcript of a gene is reorganized in different ways to 

produce different transcripts is called alternative splicing [38]. By differential use of 

exons and introns, various transcripts with different nucleotide sequences could be 

generated with the alternative splicing mechanism. As a result, the sequence of the 

amino acids produced from the same gene but different transcripts could result in 

different protein sequences, and hence potentially different protein structures [38]. 

Alternative splicing has been observed as a mechanism to produce tissue, specific 

proteins from a single gene. Depending on the tissue, different proteins could be 

produced in different tissues from a single gene. This process could be thought of a 

multiplication process that increases the possible proteins that are produced from a 

single gene and overall from one genome [39]. 

Alternative splicing is a major source of protein diversity in living organisms. It has 

been estimated that at least 70% of all genes in the human genome are alternatively 

spliced and this number expands continuously [40]. The alternative splicing 

mechanism is exemplified in Figure 2.15. 
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Figure 2.15: Example of alternative splicing mechanism. (The figure is taken from [41]). 

2.2.4.1 Types of Alternative Splicing 

The different types of alternative splicing [42] are as follows (Figure 2.16): 

a. Alternative promoter selection: A different promoter is used for different splice 

variants. This results in a different start of the mRNA transcript. 

b. Alternative selection of cleavage/polyadenylation sites: Different exons are 

spliced based on recognition of different cleavage or polyadenylation sites, 

entire exons could be skipped. This results in a different exon at the 3΄ end of 

the transcript. 

c. Intron retention: Introns are used as coding regions. A sequence that is 

normally considered an as intron is retained in the final transcript that serves 

as a template for translation. 

d. Cassette exons: Entire exons could be skipped in the middle of the protein, 

resulting in a different transcript. 
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Figure 2.16: Different types of alternative splicing. (The figure is taken from [43]). 

2.2.5 Protein 

Proteins are polymers. A polymer is any molecule that is made up individual building 

blocks that are linked together. The individual building blocks are called monomers. 

The monomers that make up proteins are called amino acids. A chain of amino acids 

is called a polypeptide. Polypeptide is a chain of three or more amino acids that are 

linked together, which is not yet folded. Protein is a polypeptide that has folded into a 

3-dimentional shape. Ultimately, proteins are made of two or more polypeptides [18]. 

Figure 2.17 shows an amino acids sequence forming a short polypeptide chain.  
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Figure 2.17: A short amino acid sequence. (The figure is taken from [44]). 

2.2.5.1 Structure of Amino Acids 

The structure of a typical amino acid consists of an amino group (NH2). At the other 

hand, there is a carboxyl group (COOH). In addition, there is a central carbon atom, 

also known as the alpha (α) carbon which links together the amino group with the 

carboxyl group [18]. A hydrogen atom is bonded with this central carbon atom. Central 

carbon also binds a side chain, another atom or a group of atoms known as the R group 

(or side chain or variable group). The general structure of an amino acid is shown in 

Figure 2.18. 

 
Figure 2.18: The structure of an amino acid. (The figure is taken from [45]). 
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For each amino acid, the R group (or side chain) is different. Different amino acids 

have different variable groups. The chemical nature of the side chain identifies the 

nature of the amino acid its function and properties [18]. Figure 2.19 shows all amino 

acid types. 

 
Figure 2.19:  The 20 types of amino acid. (The figure is taken from [46]). 

Multiple amino acids can be linked together to create a polypeptide through a reaction 

known as condensation reaction or dehydration reaction. A condensation reaction 

removes a molecule of water(𝐻2𝑂) in the making of a bond. Then, the carbon of 

carboxyl group and the nitrogen of amino group are linked together to create a peptide 

bond. A peptide bond is a simple type of covalent bond that links together two amino 

acids [18]. Figure 2.20 shows the peptide bond. 

The protein's shape, size, and function depends on the sequence and the number of its 

amino acids [24].  
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Figure 2.20: Peptide bond. (The figure is taken from [45]). 

The products formed by such linkages are also referred to as peptides. For 

understanding how a protein reaches its final form or final structure, four levels of  the 

protein structure: primary, secondary, tertiary, and quaternary should be analyzed [18]. 

2.2.5.2 Primary Structure 

The primary structure simply is the order of amino acids that make up the polypeptide 

chain [47]. It is the sequence of how these amino acids are linked together. The primary 

structure is held together with the peptide bond this is a type of covalent bond that 

links amino acids together [18]. Figure 2.21 shows the primary protein structure. 

 
Figure 2.21: Primary protein structure. (The figure is taken from [48]). 
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2.2.5.3 Secondary Structure 

The secondary protein structure is the hydrogen-bonding pattern of the peptide 

backbone of the protein [49]. The most common secondary structures are α-helix 

and β-pleated sheet [18][45][50]. The backbone is formed as a helix. The α-helix is 

one segment of the chain that starts forming helical structure [50][52]. The β-pleated 

sheet is the chain of amino acids that may consist of parallel strands, antiparallel 

strands or a mixture of parallel and antiparallel strands. The secondary structures, α-

helix and β-pleated sheets are held together through hydrogen bonding [18]. Figure 

2.22 shows the secondary protein structure. 

 
Figure 2.22: Secondary protein structure. (The figure is taken from [51]). 

2.2.5.4 Tertiary Structure 

The tertiary structure is a three-dimensional structure of entire polypeptide chain, 

which forms partly become of the chemical interactions of the polypeptide chain. In 

particular, interactions between the R groups generate the tertiary structure. The 

tertiary structure is held together through many interactions [45]. Firstly, hydrogen 

bonds between the different variable groups of amino acids are among these 
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interactions. Some amino acids can interact through ionic bonds, Van der Waals 

interactions and lastly via disulfide bridges. These are different type of bonds that 

could be found in the tertiary protein structures [18][45][52]. Figure 2.23 shows the 

tertiary protein structure. 

 
Figure 2.23: Tertiary protein structure. (The figure is taken from [45]). 

2.2.5.5 Quaternary Structure 

Not all proteins have quaternary structure, when there are more than one polypeptide 

chain making up a particular protein, a quaternary structure could form [45]. They 

interact together and form a fully functional protein. The four levels of protein 

structure are illustrated in Figure 2.24. 
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Figure 2.24: The four levels of protein structure. (The figure is taken from [45]). 

2.2.5.6 Protein Domain 

Domains are parts of a protein with specific functions and structures. Protein domains 

encode portions of proteins and can be assembled together to form translational units, 

a genetic part spanning from translational initiation to translational termination [53].  

Proteins are divided into different categories according to sequence or structural 

similarity. Proteins can be divided into different categories based on [53]: 



 

24 

 

 the FAMILIES they belong to. 

 the DOMAINS they contain. 

 the SEQUENCE FEATURES they possess. 

Domains could be termed as units within a protein with specific structural 

characteristics and functions. In general, a domain is responsible for a distinct function 

of a protein or an interaction. Put together, different domains of a protein generate its 

overall function. One domain could be found in different proteins with variety of 

functions [54]. 

2.2.6 Source of RNA Transcript Diversity 

RNA transcript diversity evolves from several different mechanisms, including RNA 

splicing, this mechanism removes introns from the pre-mRNA and attaches the exons 

together. As discussed previously Alternative splicing is a major source of transcript 

diversity in living organisms. Alternative transcription initiation and polyadenylation 

site usage, RNA editing and trans-splicing over long distances from different gene loci 

are among the other mechanisms generate transcript diversity [55-56]. 

2.2.7 Source of Protein Diversity 

Three main molecular mechanisms are considered to contribute expanding the 

repertoire and diversity of proteins present in living organisms: first, at DNA level 

(gene polymorphisms and single nucleotide polymorphisms); second, at messenger 

RNA (pre-mRNA and mRNA) level including alternative splicing (also termed 

differential splicing or cis-splicing). Finally, at the protein level protein diversity is 

mainly driven through Post-translational Modification (PTM) and specific proteolytic 

cleavages [56-57]. 

  

http://en.wikibooks.org/wiki/Proteomics/Post-translational_Modification
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Chapter 3 

3. METHODOLOGY 

The goal of this thesis is to investigate the association between transcript diversity and 

protein diversity coded by TF genes in 3 different genomes. In order to achieve this 

goal data must first be collected from relevant biological databases. The data retrieved 

is stored in a relational database in order to avoid redundancy and allow easy analysis. 

Finally, statistical analysis of the data stored is performed in order to obtain the results. 

 Biological Databases and Resources Used 

Several of the most frequently used biological databases and resources are NCBI [58], 

Ensembl [59], BioMart [60], SMART [61] and Pfam [62]. These resources contain 

several different levels of information for DNA, RNA, protein domains and structures. 

In the following sections, further detailed information about these databases is 

presented. 

3.1.1 National Center for Biotechnology Information (NCBI) 

One of the largest centralized bioinformatics resources is maintained by the National 

Center for Biotechnology Information (NCBI) at the National Institute of Health (NIH) 

in the US. NCBI contains many database resources including information for DNA, 

RNA, and proteins (domains and structures), expression data, variations, literature and 

etc. In addition, software tools for data retrieval and analysis are provided. All the 

databases are available online through the Entrez search engine [63].  

http://en.wikipedia.org/wiki/Entrez
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As of end of 2013, over 1000 complete whole genome sequences are available from 

the NCBI Genome resource. NCBI also has a resource called Gene which integrates 

various useful information about each genome. As of end of 2013, NCBI Gene 

resource provides annotations for about 14 million genes in 11,000 species [63]. 

The Entrez global query is an integrated search and retrieval system that provides 

access to all databases simultaneously with a single query string and user interface. 

Entrez can efficiently retrieve related sequences, structures, and references [64]. The 

screenshot of the NCBI web homepage is provided in Figure 3.1. 

 
Figure 3.1 : Homepage of NCBI. (The figure is taken from [58]). 

3.1.2 Ensembl 

An important resource at the European Bioinformatics Institute (EBI) is the Ensembl 

database which is a comprehensive database for gene and genome annotations. 

Ensembl provides comprehensive genome databases that incorporate many types of 

http://en.wikipedia.org/wiki/Primary_structure
http://en.wikipedia.org/wiki/Tertiary_structure
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data and annotations in addition to the genomic sequences, including gene expression 

data, genetic variations, cross-species comparision, etc. It  includes data for many 

vertebrates and other eukaryotic species. Over one hundred databases containing 

biological data are included in Ensembl [65]. 

The naming convention used for genes in Ensembl is shown in Table 3.1. The Ensembl 

identifiers are stable, which means that in a future update they refer to the same gene 

ids. 

Table 3.1: Gene naming convention used for human species in Ensembl. 

ENSG### Ensembl Gene ID 

ENST### Ensembl Transcript ID 

ENSP### Ensembl Protein ID 

ENSE### Ensembl Exon ID 

For non-human species a suffix is added; for example, ENSMUSG###, is used for 

mouse. Information such as gene sequence, splice variants, and further annotation can 

be retrieved at the genome, gene and protein level. Ensembl genome browser is 

updated every two months [66]. Figure 3.2 shows the homepage of Ensemble. 
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 Figure 3.2: Home page of Ensembl genome browser. (The figure is taken from [59]). 

3.1.3 BioMart  

BioMart is a web interface used for retrieving data from Ensembl. Ensembl BioMart 

provides a comprehensive visualization for data access and querying. Ensembl 

BioMart is created by using the database schemas and data generated by the various 

components of the Ensembl project. It is comprised of seven databases, including, 

Ensembl Genes, Ensembl Variation, Ensembl Regulation. The Ensembl Genes 

database release 61 contains 52 fully supported species and the Ensembl Variation 

database contains data for 18 species [67]. A sample interface for BioMart is shown in 

Figure 3.3. 
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Figure 3.3: A sample BioMart interface. (The figure is taken from [60]). 

3.1.4 Simple Modular Architecture Research Tool (SMART) 

SMART is a biological database, which is used for the identification and annotation 

of protein domains [68]. In order to analyze the domain architectures, SMART 

uses Profile-Hidden Markov Models (PHMM). It provides a platform for the 

comparative study of complex domain architectures in genes and proteins. The 

database is hosted by the European Molecular Biology Laboratory (EMBL) in 

Heidelberg. A protein domain in the SMART database has an ID consisting of the 

letters SM followed by a number. Some protein domains also have names.  Figure 3.4 

shows the homepage of SMART webpage. 

 

http://en.wikipedia.org/wiki/Biological_database
http://en.wikipedia.org/wiki/Hidden_Markov_model
http://en.wikipedia.org/wiki/European_Molecular_Biology_Laboratory
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Figure 3.4 : Homepage of SMART webpage. (The figure is taken from [61]). 

3.1.5 Protein Family (Pfam) Database 

Pfam is a high-quality comprehensive database of multiple sequence alignments. It 

stores over 13,000 protein families, and many common protein domains. A protein 

family in the Pfam database has an ID consisting of the letters PF followed by a 

number. Some families also have names [69]. A typical Pfam family webpage is shown 

in Figure 3.5. 

 
Figure 3.5: Typical Pfam family webpage. (The figure is taken from [62]). 

http://www.nmpdr.org/FIG/wiki/view.cgi/FIG/ProteinDomain
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 Data Retrieval and Organization 

The related data to TF genes in the human, mouse and rat species are extracted and 

stored in a relational database for further analysis. In the following sections, detailed 

information about these processes is presented. Figure 3.6 shows the E-utility tool is 

used to extract data from NCBI. 

E- Search

E- Fetch

E- Summary

 
Figure 3.6:  Flow diagram for Data retrieval using E-utilities. 

3.2.1 Data Retrieval 

Integrating data from multiple sources enhances research in bioinformatics. However, 

access to different resources and working with different file formats, which use various 

naming conventions, are not easy. One solution to this problem would be to provide 

links to other databases. For example, when a user searches for a particular gene, it 

should be possible to find the gene that encodes the protein sequence, protein families 

and protein domains. 
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In this thesis, mouse, rat and human TF genes and related information are examined. 

In order to collect data related to these species, firstly, data is retrieved from the NCBI 

database. 

As an example the following query is used to search for the human entries related to 

"Transcription Factor" in Entrez Gene. The following query is used: 

'((transcription factor) AND "Homo sapiens"[porgn]) AND "current only"[Filter]' 

Information about the TF genes from other eukaryotes (mouse and rat) can be similarly 

obtained by modifying the above query as follow: 

'((transcription factor) AND "Mus musculus"[porgn:__txid10090]) AND "current 

only"[Filter]'; for mouse, and 

'((transcription factor) AND "Rattus norvegicus"[porgn:__txid10116]) AND "current 

only"[Filter]'; for rat. 

Secondly, in order to retrieve data about each TF gene the E-utility tool of NCBI is 

used.  

NCBI E-utilities, is the API to the Entrez system of databases. The E-utilities give code 

access to all of the major functions of Entrez, including text searching in databases, 

such as PubMed, Nucleotide, or Gene. Downloading records in various formats and 

linking between records in different databases are also possible. There are seven E-

utility CGIs, all sharing the same base URL.  
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A Perl program is used to access data through the Entrez system. In particular, E-

search utility is used to query each species. An example of a search query in perl is 

shown in the following. 

$db=’gene’; 

$query= ‘((transcription factor) AND “Rattus norvegicus”[porgn:_txid10116]) 

    AND “current only”[Filter]’; 

E-fetch uses a query such as the one above to retrive from NCBI about each TF gene. 

An example of E-search utility using a perl query is shown in  the following. 

$base=’http://eutils.ncbi.nlm.nih.gov/entrez/eutils/’; 

$url=$base.”esearch.fcgi?db=$db&term=$query&usehistory=y”; 

The UIDs retrived and stored on the history server and used to fetch records for each 

TF gene using E-fetch. An example of E-fetch query is shown in the following. 

$base=’http://eutils.ncbi.nlm.nih.gov/entrez/eutils/’; 

$url=$base.”efetch.fcgi?db=$db&id=$query&retmode=xml”; 

 

The data retrieved by E-fetch contains multiple parts. The Ensembl Ids for each gene 

are contained in the “document summary” part. In order to access the summaries, the 

E-summary utility should be used. Since the data format is XML, it is required to 

have a XML interpreter. In order to deal with large list of UIDs two parameters are 

used in E-summary; A query key and a web environment string (WebEnv). Since the 
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value of &usehistory is set to “yes”, in the E-search query, the returned E-summary 

will contain these two values. These parameters are used for retrieving the summary. 

An example of E-summary query is shown in the following. 

$url=$base.”esummary.fcgi?db=$db&query_key=$key&WebEnv=$web”; 

$docsum=get($url); 

Perl programming language, uses XML::Twig in order to access the data which is 

retrieved in XML format. The XML tree structure is used to access the required parts 

of the data.  

Finally, the aforementioned steps are used in the order presented above in order to 

retrieve Ensembl Transcription Factor Gene Ids for the three species. The number of 

Ensembl TF genes retrieved from NCBI database is shown in Table 3.2. 

Table 3.2: Number of TF genes with respect to their species. 

Species Number of TF genes 

Human  2152  

Mouse 1567 

Rat 1150 

The data used in this thesis was collected in September 2013. 

In the subsequent steps other attributes of TF genes which were obtained previously 

are extracted using BioMart. In order to run a BioMart query, firstly, a dataset is chosen 

among the three different species, Homo sapiens, Mus musculus and Rattus 
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norvegicus. Secondly, filtering of data is done for a specific set of genes such as TF 

genes. 

Finally, attributes such as Transcript Id, Protein Id, Exon Id, Association Gene Name, 

Biotype, Association Transcript Name, Description, SMART, and Pfam Domains are 

retrieved in order to determine the output columns. 

3.2.2 Constructed Database 

Efficient and proper storage of digital data retrieved is very important for further 

analysis. Earlier, the main way to store data on a computer was to store it in the form 

of files. However, file-processing systems have lots of disadvantages such as data 

redundancy and inconsistency, difficulty in accessing data, data isolation, difficulty in 

satisfying consistency, difficulty in ensuring database consistency, concurrent access 

by multiple users and security problems. 

 
Figure 3.7: The output data of BioMart. 

Database management systems (DBMS) are now used to solve most of the above 

problems. Underlying the structure of a database is the data model, which is a 

collection of conceptual tools for describing data, data relationships, data semantics, 



 

36 

 

and consistency constraints [70]. The relational model is the most widely used data 

model. In the relational model the database is composed of a set of named relations or 

tables. Each relation contains a set of named attributes or columns and rows, which 

contain the value for each attribute. Each attribute has a domain [71-72].  

The Entity-Relationship model (ER model) is a data model for describing a database. 

It is expressed in terms of entities, which are objects or concepts in the real world with 

an independent existence and can be differentiated from other objects. The 

relationships of entities are also represented [73-74]. The ER model is usually 

expressed in the form of an ER diagram.  

Database normalization on the other hand is the process of organizing the tables of 

a relational database in order to minimize data redundancy and dependency [71][75]. 

In this thesis, the data retrieved from various biological databases is stored in a 

relational database. This data will later be used for further analysis. 

The data is organized in different entities with respect to their semantic properties as 

shown in Figure 3.8. 

http://en.wikipedia.org/wiki/Table_(database)
http://en.wikipedia.org/wiki/Relational_database
http://en.wikipedia.org/wiki/Data_redundancy
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Figure 3.8: Entities used for storing the data. 

The “Gene_info” entity contains “Gene_id”, “Gene_name”, “Chr_name” and 

“Description” attributes. The “Gene_id” is chosen as the primary key. The primary 

key should be unique and identify a specific record. The “Gene_id” attribute is used 

in Ensembl as an identifier for each TF gene, thus making it unique. The “Gene_name” 

attribute illustrates the name of each TF gene. This name is used in searching for TF 

genes with respect to their names. The “Chr_name” attribute shows the chromosome 

name in which this specified gene is located. The “Description” attribute specifies the 

function of this gene, its source and symbols. 

The “Exon_info” entity contains only “Exon_id” attribute, which is also used as the 

primary key. The “Exon_id” shows the identifier of each exon which is used on the 

transcript sequence. Normally, other attributes regarding exons can be stored in this 

entity but such attributes are not used in this study. Hence, the table has only one 

attribute. 

The “Protein_info” entity contains “Protein_id” and “Biotype” attributes. The 

“Protein_id” is chosen as the primary key. The “Protein_id” attribute specifies a 

•Gene_id

•Chr_name

•Gene_name

•Description

Gene_info

•Exon_id

Exon_info

•Protein_id
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unique sequence of amino acids, which are introduced as a protein. The “Biotype” 

attribute shows the gene type.  

The “Transcript_info” entity contains “Transcript_id” and “Transcript_name”. The 

“Transcript_id” attribute is chosen as the primary key. The “Transcript_id” determines 

the specific transcript sequence. “Transcript_name” shows the name of each transcript. 

The “Domain” entity contains “SMART” and “Pfam” attributes. Both of these 

attributes are defined as a composite primary key. The “SMART” attribute shows the 

identifier of domain in the SMART database and the “Pfam” attribute shows the 

identifier of the domain in the Pfam database.  

The “Domain_DNA_binding” entity contains “Id”, “DNA_binding” and 

“Description” attributes. The “Id” field is defined as the primary key. This attribute 

shows the SMART or Pfam domain identifier.  The “DNA_binding” attribute shows 

the function of this domain. The “Description” attribute contains a brief history of this 

domain. This entity is added after designing the database. It contains unique domains 

of TF genes, which produce two transcripts and their functions and descriptions. 

Figure 3.9 shows the E-R diagram for the designed database. 

In the process of organizing the tables in a relational database the relationships 

between tables are defined. Large tables are divided into smaller tables or similar tables 

are joined.  

Each TF gene contains multiple exons. Therefore, the relationship between these two 

entities is one to many (1:M). Each TF gene can produce one or more transcripts and 
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each transcript produces one protein. So, the relationship between “Gene_info” and 

“Transcript_info” entities is one to many (1:M) and the relationship between 

“Transcript_info” and “protein_info” entities is one to one (1:1). The latter pair of 

entities form the relationship “Pro_trans_info” which as a relational table. The 

“Gene_info.Gene_id” attribute is a foreign key to the “Pro_trans_info” table. 

Each exon may code for different domains and each domain may be coded by a 

different exon. Therefore, the “Exon_info” and “Domain” entities are related. The 

relationship between these two entities is many to many (N:M). A relational table is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: E-R diagram for the designed database. 
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created which contains the primary key attributes of both “exon_info” and “Domain” 

entities. The name of this table is “Exon_domain_info”. 

The primary keys of both “Exon_info” and “Domain” entities are present in this 

relational table. Since, both “Exon_info” and “Domain” tables contain only primary 

keys as attributes, there is no need to create an additional table. The “gene_id” from 

“Gene_info” and “Transcript_id” from “Pro_Trans_info” are specified as foreign keys 

to this table. The final database designed is shown in Figure 3.10. 

 
Figure 3.10: The relational database. 

In this study, php my admin version 4.0.4 with mysql database is used. 

Since we need to analyze data for three species, three separate databases, one for each 

species namely, “Human_tr_db”, “Mouse_tr_db”, “Rat_tr_db” has been constructed. 

Figures 3.11, 3.12, 3.13 and 3.14 show sample data stored in these tables for the 

“Human_tr_db”. 
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Figure 3.11: The “Gene_info” table sample data for “Human_tr_db” 

 
Figure 3.12: The “Pro_trans_info” table sample data for “Human_tr_db” 
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Figure 3.13: The “Exon_Domain” table sample data for “Human_tr_db” 

 
Figure 3.14: The “Domain_DNA_binding” table sample data for “Human_tr_db” 
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 Hypothesis Analysis 

In this study, the association between transcript diversity and protein domains in TF 

genes is investigated. The work done includes analysis of different human, mouse and 

rat RNA isoforms coded by the same TF gene, which potentially produce proteins with 

different domain architectures and hence functionality. The hypothesis is analyzed in 

several phases to follow: 

3.3.1 First Phase : Determination of TF Genes with Unique Domains 

Each specific gene can produce one or more proteins. In order to determine of TF 

genes with unique domain firstly, TF genes with more than one transcript are found. 

A query is written which finds the number of TF genes with two or more transcription 

ids for each of the species. 

In the query, first the total numbers of TF genes which produce more than one 

transcript are found. Using this query for each TF gene, number of transcripts is 

counted and the result is stored in the view referred to as “genes_with_multiple_trans”. 

The query sent to the “Human_tr_db” database is shown in the following.  

Select gene_info.gene_id, gene_info.gene_name 

Count (pro_trans_info.transcript_id) As NumTrans 

Frpm Pro_trans_info INNER JOIN gene_info 

ON Gene_info.gene_id=pro_trans_info.gene_id 

GROUP BY gene_info.gene_name 

Having COUNT (pro_trans_info.transcript_id>1) 

ORDER BY NumTrans 
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 The “genes_with_multiple_trans” view has 3 columns. The first column is the TF 

gene name, the second column is the TF gene id and the third column is the number of 

transcriptions. Figure 3.15, is illustrates the schema for this view. 

 
Figure 3.15: The view “genes_with_multiple_trans” for human database. 
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Parts of this view are joined with the “Genes_info”, “Pro_Trans_info”, 

“Domain_Exon” tables in the following way. For example, the rows for genes with 

two transcripts are extracted and joined with each of the tables mentioned. The process 

is repeated for parts of the view for 3 transcripts, 4 transcripts, etc. producing 43 views 

for human, 36 views for mouse and 8 views for rat. The procedural views are referred 

to as “Genes_with_(number_of_trans)_trans_info”, where (number_of_trans) is 

obtained as described above. These new views contain “gene_id”, “exon_id”, 

“transcription_id”, “SMART”, and “Pfam” attributes.  The query used to produce the 

“Genes_with_2 trans_info“ view is shown in the following as an example. 

CREATE VIEW genes_with_2_trans_info AS 

SELECT genes_with_2_trans.gene_id, exon_domain.exon_id, Exon_domain.SMART, 

Exon_doman.PFAM,Pro_trans_info.transcipt_id 

FROM genes_with_2_trans 

LEFT JOIN pro_trans_info ON 

Genes_with_2_trans.gene_id=pro_trans_info.gene_id 

LEFT JOIN Exon_domain ON 

Pro_trans_info.Transcript_id=exon_domain.transcript_id 

Figure 3.16 shows the schema for “Genes_with_2_trans” view for human database. 
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Figure 3.16: The “Genes_with_2_trans_info” view for human database. 

In the first stage the protein domain diversity for each gene is analyzed by investigating 

the differential domain structures coded by different transcripts of the same gene. A 

cursor to handle a result set inside a stored procedure is defined. Domains are 

compared by using loops for each TF gene. If the domains are identical they are stored 

in the field named as “Common” otherwise they are stored in the field named as 

“Unique” in the view “proc_out_for(number_of_trans)_trans”, where 

(number_of_trans) is obtained as described above. Figure 3.17 shows the example of 

TF gene with two transcripts and comparison of their domains. 
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Figure 3.17: Method for analyzing protein domain diversity. 
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In this figure the specific gene with “ENSG00000151694” id contains four exons with 

“ENSE1728209”, “ENSE1637250”, “ENSE360711”, “ENSE234532” ids. With 

alternative splicing mechanism, two transcripts are produced from that gene, namely 

“ENST00000310823” and ”ENST00000497134”. Each transcript codes for one 

protein with ids “ENSP00000309968” and “ENSP00000417828”, respectively. The 

first protein contains five domains: “SM00050”, “PF00200”, “SM01823”, “PF01421” 

and “PF01562”. The second protein contains two domains: “SM00050” and 

PF00200”, as identified by SMART and PFAM databases. Comparison of the domains 

between these two proteins shows that both “SM00050” and PF00200” domains are 

common and “SM01823”, “PF01421” and “PF01562” domains are unique.  

In addition, for each gene, the total number of transcripts available are compared with 

one another, and unique domains that are present in only one transcript are reported. 

The sample code for procedure “proc_out_for_2_trans” follows: 

begin 

 -- Variables Declaration; 

-- Cursor Declaration; 

 

  DECLARE gene2trans CURSOR FOR 

 

    SELECT 

 

        Gene_Id,Transcript_Id,smart,pfam 

 

    FROM genes_with_2_trans_info 

 

    WHERE Gene_Id = gene_in; 

 

  -- 'handlers' for exceptions Declaration 

DECLARE CONTINUE HANDLER FOR NOT FOUND 

 

    SET no_more_rows = TRUE; 
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OPEN gene2trans; 

 

  Select FOUND_ROWS() into num_rows; 

 

  the_loop: LOOP 

 

     FETCH gene2trans 

 INTO   gene_val, 

 

        transcript_val,sm,pf; 

 

    IF no_more_rows THEN 

 

        CLOSE gene2trans; 

 

        LEAVE the_loop; 

 

    END IF; 

 

 set num_trans=num_trans+1; 

 

 set first_transcript_val= transcript_val; 

 

 while  first_transcript_val like transcript_val do 

 

  if instr(uniq1,sm)=0 then 

 

   select concat(sm,',',uniq1) into uniq1; 

 

  end if; 

 

  if instr(uniq1,pf)=0 then 

 

   select concat(pf,',',uniq1) into uniq1; 

 

  end if; 

 

   FETCH  gene2trans 

 

     INTO   gene_val, 

 

        transcript_val,sm,pf; 

 

     IF no_more_rows THEN 

 

          CLOSE gene2trans; 

 

          LEAVE the_loop; 

 

    END IF; 
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  if first_transcript_val not like transcript_val then 

 

   set num_trans=num_trans+1; 

 

   set trans_one=first_transcript_val; 

 

   set first_transcript_val= transcript_val; 

 

   set set_one=uniq1; 

 

   set uniq1=''; 

 

  end if; 

 

 end while; 

 

 SET loop_cntr = loop_cntr + 1; 

 

END LOOP the_loop; 

 

  select trans_one as first_transcript,set_one as first_set,transcript_val as 

second_transcript, uniq1 as second_set,common,uniq_domain,uniq_trans; 

 

 

while uniq1<> '' do 

 

 select locate(',',uniq1)into pos; 

 

 select substr(uniq1,1,(pos-1))into res; 

 

 select substr(uniq1,pos+1,leng1-pos)into uniq1; 

 

 if (locate(res,set_one)<> 0) then 

 

  select concat(common,',',res) into common; 

 

  select replace(set_one,res,'') into set_one; 

 

 elseif  (locate(res,set_one)= 0)then 

 

  select concat(uniq_domain,',',res) into uniq_domain; 

 

    set uniq_trans=transcript_val; 

 

 end if; 

 

 

end while; 

 



 

51 

 

select trim(','from set_one ) into set_one; 

 

 if length(set_one)>2  then 

 

select concat(uniq_trans,',',trans_one ) into uniq_trans; 

 

end if; 

 

 select concat(uniq_domain,',',set_one) into uniq_domain; 

 

select trans_one as first_transcript,set_one as first_set,transcript_val as 

second_transcript, uniq1 as second_set ,common,uniq_domain,uniq_trans; 

 

end 

The view constructed after this step is illustrated in Figure 3.18. The results are 

analyzed and discussed in Chapter 4. 

 
Figure 3.18: TF genes with unique and common domains in human database. 
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3.3.2 Second Phase : Domains with DNA-Binding Function 

The aim of this phase is to determine the TF genes with 2 transcripts with unique 

domains, which illustrate differential DNA binding ability. In order to achieve this 

goal, domains, which have DNA binding ability in SMART, and Pfam databases must 

be identified. 

Firstly, the concept for “DNA binding” property is searched for unique domains of TF 

genes that produce two transcripts. The phrases “DNA-binding”, “DNA binding 

activity”, “bind to DNA”, “Nucleic Acid binding”, ”chromatin binding” are used to 

search for this property in SMART and Pfam databases. 

A new table named “Domains_DNA_binding” which contains the domains and 

notation about their ability to bind DNA is added to each of the three databases for 

each species. In order to analyze the TF gene which has DNA-binding ability, initially 

a query is written which joins the output of the procedure in the previous phase with 

the “Domains_DNA_binding” table. The output of this join is stored in a new view 

referred to as “DNA_Binding”. Figure 3.19 illustrates the “DNA_Binding” view. 
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Figure 3.19:  “DNA_Binding” view for human database. 

Then, by using a query as shown in the following the SMART and Pfam domains, 

which have DNA-binding ability, are counted separately for each species. Results are 

presented in Chapter 4.  

SELECT COUNT (gene_id) 

FROM DNA_binding_domain 

WHERE DNA_binding=’YES’ 

AND unique_domain LIKE “SM%” 
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Finally, another query is written in order to count the number of TF genes that have 

DNA-binding ability. The result is presented in Chapter 4. The query is used for this 

purpose is shown in the following. 

SELECT COUNT (DISTINCT gene_id) 

FROM DNA_binding_domain 

WHERE DNA_binding=’YES’ 

For example, the NFE2l3 TF gene with “ENSG00000050344” id, shown in 

Figure 3.20 has three transcripts with “ENST00000056233”, “ENST00000607375” 

and “ENST00000606261” ids, but only two of them (“ENST00000056233”, 

“ENST00000607375”) produce proteins with “ENSP00000056233” and 

“ENSP0000047475463” ids.  

 
Figure 3.20: The NFE2l3 TF gene information from Ensembl. (The figure is taken 

from [59]). 

Figure 3.21 shows the protein sequence and domains for “ENSP00000056233” in 

protein summary part. This protein contains one SMART and three Pfam domains. 
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Figure 3.21: Protein domains information for “ENSP00000056233”. (The figure is 

taken from [59]). 

Figure 3.22 shows that “ENSP00000475463” does not have any domains. 

 
Figure 3.22: The “ENSP00000475463” with no domain. (The figure is taken from [59]). 
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Further analysis depicted in Figure 3.23 shows that the Pfam domain named 

“bZIP_Maf” has DNA-binding ability. So, this protein should be counted as a protein 

with DNA-binding function. Figure 3.23 shows the Gene Ontology (GO) molecular 

function of this domain. 

 
Figure 3.23: Example of domains with and without DNA- binding ability. (The figure is 

taken from [59]). 

3.3.3 Third Phase : Determination of TF Genes with Unique Exons 

The unique exon ids for TF genes which have two transcripts are determined in this 

phase. First of all, some comparison methods are used. For each TF gene common and 

unique exons are found. A procedure is used for this purpose. Determination of the 

transcripts to which each exon belongs to it significant. Figure 3.24 shows the output 

of the procedure.  
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Figure 3.24: TF genes with unique exons. 

3.3.4 Statististical Analysis 

Following statistical analysis were performed to evaluate whether there are any 

significant differences of results across species: 

Table 3.3: Species. 

 Frequency Percent Valid Percent Cumulative 

Percent 

Valid 

Human 106 50.0 50.0 50.0 

Mouse 87 41.0 41.0 91.0 

Rat 19 9.0 9.0 100.0 

Total 212 100.0 100.0  
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Table 3.4: Species  number of TF genes with DNA binding ability Crosstabulation. 

 Number of TF genes with 

DNA binding ability 

Total 

Not Present Present 

Species 

Human 

Count 52 54 106 

Expected Count 53.0 53.0 106.0 

% within Species 49.1% 50.9% 100.0% 

% of Total 24.5% 25.5% 50.0% 

Std. Residual -.1 .1  

Mouse 

Count 42 45 87 

Expected Count 43.5 43.5 87.0 

% within Species 48.3% 51.7% 100.0% 

% of Total 19.8% 21.2% 41.0% 

Std. Residual -.2 .2  

Rat 

Count 12 7 19 

Expected Count 9.5 9.5 19.0 

% within Species 63.2% 36.8% 100.0% 

% of Total 5.7% 3.3% 9.0% 

Std. Residual .8 -.8  

Total 

Count 106 106 212 

Expected Count 106.0 106.0 212.0 

% within Species 50.0% 50.0% 100.0% 

% of Total 50.0% 50.0% 100.0% 

Table 3.5:Chi-Square Tests 

 Value df Asymp. Sig. (2-sided) 

Pearson Chi-Square 1.457 a 2 .483 

Likelihood Ratio 1.473 2 .479 

Linear-by-Linear Association .546 1 .460 

N of Valid Cases 212   

 

a. 0 cells (0.0%) have expected count less than 5. The minimum expected count is 

9.50. 
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Figure 3.25: Distribution of TF genes with DNA binding ability. 

The null hypothesis was tested using Chi-squared test to see whether there was a 

difference between the percentage of TF genes with unique domains that show DNA 

binding by species. The percentage of TF genes with unique domains that show DNA 

binding did not differ by species, 

 2 (2, N = 212) = 1.457, p = 0.483, 2(1, N = 90) = 0.89, p = 0.35. 

 

  

Number of TF 

genes with 

DNA binding 

ability 
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Chapter 4 

4. RESULTS AND DISCUSSION 

In this thesis, the association between transcript diversity and protein domains for three 

eukaryotic species is studied. The analysis is conducted for human, mouse and rat. 

There are a lot of sequence data in these three species to study. Firstly, the number of 

TF genes for each species is counted using the NCBI database. Table 4.1 shows the 

number of TF genes for each species. It can be seen that human genome possesses the 

highest number of TF genes. 

Table 4.1: Total number of TF genes in each genome. 

Species Number of TF genes 

Human 2152 

Mouse 1567 

Rat 1150 

Next, the TF genes are categorized according to the total number of transcripts 

available for each gene in NCBI. This data is shown in Table 4.2. As evident from this 

table, human TF genes with multiple transcript sequences are higher than those in 

mouse and the ones in mouse are higher than those in rat. The reason for these 

differences could be in the fact that human TF transcripts are more widely studied and 

sequenced compared to the other two model organisms. Similarly, mouse presents 

more data, as it is a more commonly studied species. 
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Table 4.2: The number of transcripts for three species. 

Number of transcripts 

per gene 

Number of 

human TF genes 

Number of 

mouse TF genes 

Number of 

rat TF genes 

1 346 622 1033 

2 306 335 94 

3 269 182 14 

4 242 135 4 

5 199 97 3 

6 136 60 1 

7 108 38 0 

8 100 24 1 

9 91 19 0 

10 66 12 0 

11 57 9 0 

12 55 10 0 

13 31 4 0 

14 25 5 0 

15 26 4 0 

16 14 3 0 

17 23 4 0 

18 12 1 0 

19 9 1 0 

20 8 0 0 

21 4 0 0 

22 4 1 0 

23 1 0 0 

24 6 0 0 

27 2 0 0 

28 3 0 0 

29 1 0 0 

30 2 0 0 

31 1 0 0 

36 0 1 0 

37 1 0 0 

38 2 0 0 

39 1 0 0 

43 1 0 0 

Total 2152 1567 1150 

Genes with a single transcript or multiple number of transcripts are separated into two 

main categories. The TF genes which produce more than one transcript is of interest 
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for further analysis in this thesis. In the following sections, further detailed analysis on 

such genes with multiple transcripts within each of the three genomes are presented.  

 Human TF Transcript Analysis 

In the human genome, a total of 2152 TF genes are analyzed. Figure 4.1 shows the 

distribution of total number of transcripts per gene. In this figure, x-axis represents the 

total number of transcripts sequenced per gene. The y-axis represents the total number 

of TF genes. As evident from this figure, the majority of human TF genes have 1 or 2 

transcripts. As the number of transcripts sequenced per gene increases, the total 

number of genes decreases.  

 
 

Figure 4.1: Distribution of TF genes with different numbers of transcripts in human. 

4.1.1 TF Gene Categories 

Table 4.3 shows the number of TF genes in human species that produce one or more 

transcripts. It can be seen that the majority (83.92%) of TF genes have multiple 

transcripts. 
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 Table 4.3: Distribution of TF genes for human.  

Number of TF genes with Number Percentage 

one transcript only 346 16.08% 

multiple (two or more) transcripts 1806 83.92% 

Of the genes with multiple transcripts, the genes that have 2 transcripts are analyzed 

in terms of their protein coding and their protein structures. This is further explained 

in the following sections. 

4.1.2 Number of TF Genes With Unique Domains 

Table 4.4 shows the number of TF genes with multiple number of transcripts for 

human. In addition, this table provides an analysis for the protein domains coded by 

these transcripts. For each gene, the total number of transcripts available are compared 

with one another, and unique domains that are present in only one transcript and not 

the other are reported. As shown in Table 4.4, many genes have transcripts with unique 

domains. For example, this is the case for 35% of genes with 2 transcripts only and 

21% of genes with 3 transcripts only. It would be expected that the percentage of genes 

with unique domains would increase as the transcript numbers increase. However, this 

is not the case. The reason for this is because most of the genes with higher number of 

transcripts, actually have short sequences such as ESTs, and not full-length transcripts.  
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4.1.3 Domains with DNA-Binding Function 

TFs are proteins that regulate transcription. Each TF binds to one particular set of DNA 

sequence. For this reason TFs include DNA-binding domain, which modulate the 

Table 4.4: Number of human TF genes with unique domains that is present in only 

one transcript. 

Number of Transcripts 

per TF gene 

Number of 

TF genes 

Number of TF genes 

with unique domains 

% of TF genes with 

unique domain 

2 306 106 34.64% 

3 269 57 21.18% 

4 242 48 19.83% 

5 199 27 13.56% 

6 136 13 9.56% 

7 108 8 7.41% 

8 100 11 11% 

9 91 5 5.49% 

10 66 5 7.57% 

11 57 3 5.26% 

12 55 1 1.81% 

13 31 0 0 

14 25 0 0 

15 26 2 7.69% 

16 14 1 7.14% 

17 23 1 4.76% 

18 12 0 0 

19 9 2 22.2% 

20 8 0 0 

21 4 0 0 

22 4 0 0 

23 1 0 0 

24 6 1 16.6% 

27 2 0 0 

28 3 1 33.3% 

29 1 0 0 

30 2 0 0 

31 1 0 0 

37 1 0 0 

38 2 0 0 

39 1 0 0 

43 1 0 0 
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process of transcription. The role of DNA binding domain is to bring the transcription 

activation domain into the vicinity of the preintiation complex of transcription. 

In this study, further analyses of transcript and domain relationships are restricted to 

human TF genes with 2 transcripts only. Such genes are in total 306. A total of 106 of 

these genes have transcripts with unique domains. Further analysis focus on these 106 

genes. The transcripts coded by these 106 genes bring in total of 247 unique domains. 

Table 4.5 shows further functional analysis on these domains. 

These genes are analyzed in terms of the functions of their unique domains. In 

particular, DNA binding properties of these domains are investigates. 

The total number of domains reported in SMART and Pfam for TF genes which 

produce 2 transcripts with unique domains and the number of unique domains with 

DNA binding ability is shown in Table 4.5. The percentage of such TF genes is also 

shown. 

Table 4.5: Number and percentage of domains with DNA binding ability from 

human TF genes with 2 transcripts. 

Database Total number of 

unique domains 

Number of domains with 

DNA binding ability 

Percentage 

Pfam 151 68 45.03% 

SMART 96 42 43.75% 

As evident from Table 4.5, a substantial portion of unique domains analyzed within 

Pfam and SMART have DNA binding ability.   
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Lastly, the genes coding for these unique domains are analyzed. Number of TF genes 

with 2 transcripts, which have DNA-binding ability accounts for about 51% of the 

genes analyzed in this category, as shown in Table 4.6. This number is important since 

it shows that more than 50 percent of proteins, which are products of TF genes with 2 

transcripts, have DNA binding ability. This result indicates that at least half of the 

unique domains introduced by different transcripts of a human TF gene deliver DNA 

binding ability. 

Table 4.6: Number and percentage of human TF genes with 2 transcripts which 

have DNA-binding ability. 

Total number of genes 

with unique domains 

Number of TF genes with unique 

domains that show DNA binding ability 

Percentage 

106 54 50.94% 

 Mouse TF Transcript Analysis 

In the mouse genome, a total of 1567 TF genes are analyzed. Figure 4.2 shows the 

distribution of total number of transcripts per gene. In this figure, x-axis represents the 

total number of transcripts sequenced per gene. The y-axis represents the total number 

of TF genes. As evident from this figure, the majority of mouse TF genes have 1 or 2 

transcripts. As the number of transcripts sequenced per gene increase, the total number 

of genes decrease. 
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Figure 4.2: Distribution of TF genes with different numbers of transcripts in mouse. 

 

4.2.1 TF Gene Categories 

Table 4.7 shows the number of TF genes in mouse species that produce one or more 

transcripts. It can be seen that the majority (60.31%) of TF genes have multiple 

transcripts. 

Table 4.7: Distribution of TF genes for mouse.  

Number of TF genes with Number Percentage 

One transcript only 622 39.69% 

Multiple (two or more) transcripts 945 60.31% 

Of the genes with multiple transcripts, the genes that have 2 transcripts are analyzed 

in terms of their protein coding and their protein structures. This is further explained 

in the following sections. 
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4.2.2 Number of TF Genes With Unique Domains 

Table 4.8 shows the number of TF genes with multiple different number of transcripts 

for mouse. In addition, this table provides an analysis for the protein domains coded 

by these transcripts. For each gene, the total number of transcripts available are 

compared with one another, and unique domains that are present in only one transcript 

and not the other are reported. As shown in Table 4.8, many genes have transcripts 

with unique domains. For example, this is the case for 26% of genes with 2 transcripts 

only and 21% of genes with 3 transcripts only. It would be expected that the percent  

genes with unique domains would increase as the transcript numbers increase. 

However, this is not the case. The reason for this is because most of the genes with 

higher number of transcripts, actually have short sequences such as ESTs, and not full-

length transcripts.  

Table 4.8: Number of mouse TF genes with unique domains that is present in only one 

transcript. 

Number of transcripts 

per TF gene 

Number of TF 

genes 

Number of TF genes 

with unique domains 

% of TF genes with 

unique domain 

2 335 87 25.97% 

3 182 38 20.88% 

4 135 24 17.78% 

5 97 12 12.37% 

6 60 3 5% 

7 38 5 13.16% 

8 24 0 0 

9 19 3 15.79% 

10 12 0 0 

11 9 0 0 

12 10 2 20% 

13 4 0 0 

14 5 1 20% 

15 4 0 0 

16 3 1 33.33% 

17 4 0 0 

18 1 0 0 

19 1 0 0 

22 1 0 0 

36 1 0 0 
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4.2.3 Domains with DNA-Binding Function 

Further analyses of transcript and domain relationships are restricted to mouse TF 

genes with 2 transcripts only. Such genes are in total 335. A total of 87 of these genes 

have transcripts with unique domains. Further analyses focus on these 87 genes. The 

transcripts coded by these 87 genes bring in total 147 unique domains.Table 4.9 shows 

further functional analyses on these domains. 

These genes are analyzed in terms of the functions of their unique domains. In 

particular, DNA binding properties of these domains are investigates. The total number 

of domains reported in SMART and Pfam for TF genes which produce 2 transcripts 

with unique domains and the number of unique domains with DNA binding ability is 

shown in Table 4.9. The percentage of such TF genes is also shown. 

Table 4.9: Number and percentage of domains with DNA binding ability from 

mouse TF genes with 2 transcripts. 

Database Total number of unique 

domains 

Number of domains with 

DNA binding ability ability 

Percentage 

Pfam 89 43 48.31% 

SMART 58 33 56.90% 

As evident from Table 4.9, substantial portions of unique domains analyzed within 

Pfam and SMART have DNA binding ability.   

Lastly, the genes coding for these unique domains are analyzed. Number of TF genes 

with 2 transcripts, which have DNA-binding ability accounts for about 52% of the 

genes analyzed in this category, as shown in Table 4.10. This number is important 

since it shows that more than 50 percent of proteins, which are products of TF genes 
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with 2 transcripts, have DNA binding ability. This result indicates that at least half of 

the unique domains introduced by different transcripts of a mouse TF gene deliver 

DNA binding ability. 

Table 4.10: Number and percentage of mouse TF genes with 2 transcripts which 

have DNA-binding ability. 

Total number of genes with 

unique domains 

Number of TF genes with unique 

domains that show DNA binding 

Percentage 

87 45 51.72% 

 Rat TF Transcript Analysis 

In the rat genome, a total of 1150 TF genes are analyzed. Figure 4.3 shows the 

distribution of total number of transcripts per gene. In this figure, x-axis represents the 

total number of transcripts sequenced per gene. The y-axis represents the total number 

of TF genes. As evident from this figure, the majority of rat TF genes have 1 or 2 

transcripts. As the number of transcripts sequenced per gene increase, the total number 

of genes decrease. 
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Figure 4.3: Distribution of TF genes with different numbers of transcripts in rat. 

4.3.1 TF Gene Categories 

Table 4.11 shows the number of TF genes in rat that produce one or more transcripts. 

Unlike human and mouse, the majority of rat TF genes have only 1 transcript. 

 Table 4.11: Distribution of TF genes for rat.  

Number of TF genes with Number Percentage 

One transcript only 1033 89.83% 

Multiple (two or more) transcripts 117 10.17% 

Of these genes with multiple transcripts, the genes that have 2 transcripts i.e. a total of 

94 genes are analyzed in terms of their protein coding and their protein structures. This 

is further explained in the following sections. 
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4.3.2 Number of TF genes with unique domains 

Table 4.12 shows the number of TF genes with multiple different number of transcripts 

for rat. In addition, this table provides an analysis for the protein domains coded by 

these transcripts. For each gene, the total number of transcripts available are compared 

with one another, and unique domains that are present in only one transcript and not 

the other are reported. As shown in Table 4.12, many genes have transcripts with 

unique domains. For example, this is the case for 20% of genes with 2 transcripts only 

and 7% of genes with 3 transcripts only. It would be expected that the percent genes 

with unique domains would increase as the transcript numbers increase. However, this 

is not the case. The reason for this is because most of the genes with higher number of 

transcripts actually have short sequences such as ESTs, and not full-length transcripts.  

Table 4.12: Number of rat TF genes with unique domains that is present in only one 

transcript. 

Number of transcripts 

per TF gene 

Number of 

TF genes 

Number of TF genes 

with unique domains 

% of TF genes with 

unique domain 

2 94 19 20.21% 

3 14 1 7.14% 

4 4 0 0 

5 3 0 0 

6 1 1 100% 

8 1 0 0 

4.3.3 Domains with DNA-Binding Function 

Further analyses of transcript and domain relationships are restricted to rat TF genes 

with 2 transcripts only. Such genes are in total 94. And 19 of these genes have 

transcripts with unique domains. Further analyses focus on these 94 genes. The 

transcripts coded by these 94 genes bring in total 45 unique domains.Table 4.13 shows 

further functional analyses on these domains. 
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These genes are analyzed in terms of the functions of their unique domains. In 

particular, DNA binding properties of these domains are investigates.The total number 

of domains reported in SMART and Pfam for TF genes which produce 2 transcripts 

with unique domains and the number of unique domains with DNA binding ability is 

shown in Table 4.13. The percentage of such TF genes is also shown. 

Table 4.13: Number and percentage of domains with DNA binding ability from 

rat TF genes with 2 transcripts. 

Database Total number of unique 

domain 

Number of  DNA binding 

ability 

Percentage 

Pfam 27 11 40.74% 

SMART 18 8 44.44% 

Unlike human and mouse data, more than half of the domains analyzed in rat do not 

reveal DNA binding property. The reason for this relies in the fact that a lesser number 

of rat genes and a lesser numbers of rat transcripts are available for the study. It is 

expected that this number would rise as more transcripts are sequenced from rat TF 

genes. 

Lastly, the genes coding for these unique domains are analyzed. Number of TF genes 

with 2 transcripts, which have DNA-binding ability accounts for about 37% of the 

genes analyzed in this category, as shown in Table 4.14.  

Table 4.14: Number and percentage of rat TF genes with 2 transcripts which have 

DNA-binding ability. 

Total number of genes with 

unique domains 

Number of TF genes with unique 

domains that show DNA binding ability 

Percentage 

19 7 36.84% 
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Statistical analysis as described in section 3.3.4 showed that the percentage of TF 

genes with unique domains that show DNA binding did not differ by species,                  

2 (2, N = 212) = 1.457, p = 0.483, 2(1, N = 90) = 0.89, p = 0.35. 
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Chapter 5 

5. CONCLUSION 

 Main Findings 

Throughout the studies described in this thesis, several main findings stand out:  

i. In all three genomes transcript diversity is documented for TF genes, by 

comparing the genes with 2 transcripts, and identify their differences in 

proteins that they code for. 

ii. In all three genomes transcripts sequenced from the same gene account for 

presence of unique domains in the proteins they code for. This could be more 

confidently stated for human and mouse transcripts as there is more data to be 

analyzed for these two species. 

iii. In human and mouse, the majority of unique domains are responsible for 

DNA-binding activity. 

Overall, in all three genomes, it could be stated that transcript diversity of TF genes 

result in protein diversity in terms of their domain structures and functional diversity 

in terms of the DNA-binding ability. 

 Future Directions  

Further direction of the work described here include:  

a) analysis of the specific exon-domain relationships, 

b) identification of the source of transcript diversity, 

c) expanding this study to other groups of genes and proteins, 

d) expanding this study with other genomes.  
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