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Preamble 

The rapid advancement of molecular biology technologies, including genome sequencing, 

proteomics, transcriptomics, structural biology, and computational modeling, has profoundly 

transformed life sciences over recent decades. Modern biological research is no longer limited 

to experimental observations performed exclusively in laboratories; it increasingly relies on 

computational tools capable of storing, analyzing, interpreting, and modeling large volumes 

of biological data. In this context, bioinformatics has become an essential interdisciplinary 

field that combines biology, computer science, mathematics, and statistics to better 

understand complex biological systems. 

This course manual has been specifically designed for Master I students in Biotechnology and 

Molecular Pathology, specializing in Biotechnology and Health. It aims to provide 

fundamental knowledge in bioinformatics and its major applications in modern biological 

research by introducing both theoretical concepts and practical approaches used to analyze 

biological data, predict molecular structures, study gene expression, and model biochemical 

systems. 

The first chapter introduces the field of bioinformatics by presenting its definition, historical 

development, major applications, and its growing importance in biological sciences. The 

second chapter focuses on biological databases and data banks, highlighting the methods used 

for searching, retrieving, and managing biological information. 

The third chapter explores biomolecular sequence analysis, including sequence alignment 

techniques, scoring matrices, substitution matrices, multiple sequence alignment, 

phylogenetic analysis, and motif identification in biological sequences. These tools are 

fundamental for understanding sequence similarity, evolutionary relationships, and functional 

conservation. 

The fourth chapter is dedicated to protein structure analysis. It introduces the different levels 

of protein organization and presents computational approaches for predicting secondary and 

tertiary structures, including comparative modeling, threading methods, and ab initio 

modeling. This chapter also addresses structural comparison, protein superposition, and the 

prediction of protein-protein and protein-ligand interactions. 



The fifth chapter examines gene expression analysis through DNA microarray technology, 

explaining its principles, applications, and importance in transcriptomic studies. 

The final chapter introduces biochemical systems modeling. It presents the major steps 

involved in the modeling process, including differential models, stochastic modeling, and 

computational approaches used to simulate biological systems. 

Through this progressive organization, students will acquire a comprehensive understanding 

of the essential tools and methodologies used in bioinformatics. By combining theoretical 

foundations with practical applications, this manual prepares learners to address current 

challenges in genomics, proteomics, systems biology, biotechnology, and biomedical 

research, while providing a solid foundation for advanced studies and professional 

applications in health-related biotechnology fields. 
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CHAPTER I. 

INTRODUCTION TO BIOINFORMATICS 

 

1. Introduction 

 

In recent years, there has been a massive increase in the amount of biological information 

collected by scientific communities. The deluge of this type of information in the form of 

genomes, protein sequences, gene expression data, etc. has led to the need to design powerful 

computer tools to store, analyse and interpret these data, which has given rise to a new science 

called bioinformatics. The term bioinformatics literally means the science of computing 

applied to biological research.  

On the other hand, computer science is the management and analysis of data using various 

advanced computational techniques. Thus, in other words, bioinformatics can be described as 

the application of computational methods for the discovery of biological knowledge. It 

represents a symbiosis of several different fields of science, including computer science, 

biology, mathematics and statistics.  

The tasks of bioinformatics are constantly increasing with biological data. In the early days, 

these tasks consisted of simple sequence analysis through comparisons, but today, a sequence 

is analysed from every angle. From a single gene, it is possible to construct a DNA chip, 

transcribe that gene and obtain the corresponding protein, or search for similar sequences in 

order to study the homology1 of a given species. However, the major task in bioinformatics 

remains the prediction of protein function, which consists of identifying its cellular and 

biological role in the organism in order to better understand its behaviour.  

2. History of bioinformatics 

Bioinformatics gained significant programmatic importance during the European 

Commission's Fifth Framework Programme (FP5 2007)" from 1998 to 2002, and in the 

scientific community, where activity in this field is mainly related to the development of 

storage and organisation of increasing amounts of data produced by increasingly sophisticated 

genetic technologies, in conjunction with the infrastructure needs that accompany basic 

genetic research.  
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Table 1. History of bioinformatics 

Year     Event 

1965  First compilation of proteins (Atlas of Protein Sequences): Margaret Dayhoff 
et al. 

1967  
 

Article: Construction of Phylogenetic Trees – Fitch & Margoliash 

1970  Algorithm for global sequence alignment: Needleman & Wunsch 
1974  
 

Program for predicting secondary protein structures: Prediction of Protein 
Conformation‖ – Chou & Fasman 

1978  First databases: EMBL, GenBank, PIR 

1981 370,000 nucleotides and 270 sequences in GenBank  
Local sequence alignment programme: Smith & Waterman 

1985  FASTA: Local sequence alignment programme – Pearson & Lipman 
1990 BLAST: Local sequence alignment programme – Altschul et al. 
1991  Grail: Gene localisation programme – Mural et al. 

1992  
 

Foundation of the SANGER Research Centre: responsible for half of global 
‘production’. 
Publication of the second genetic map of the human genome, compiled by 
Généthon from 814 genomic fragments.  

1993   SRS: web-based multi-database query software – Etzold & Argos 
1998 Sequencing of 2 million nucleotides per day 
2001  Complete “first draft” sequence of the human genome 
February 

2015 

More than 1,143,000,000,000 nucleotides! 

 

3. The objectives of bioinformatics 

The role of bioinformatics is to assist biologists in collecting and processing genomic 

data in order to study the function of genes and proteins. Another important role of 

bioinformatics is to help researchers in pharmaceutical companies develop detailed studies of 

protein functions to facilitate drug design.  

The objectives of bioinformatics can be summarised as follows: 

 Collect and store information in databases that are accessible online. 

o    Explosion in the amount of biological data requiring appropriate storage tools. 

 Provide tools for comparing protein and nucleotide sequences.  

o    Identify a sequence by comparing it to sequences in a database.  
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o    Determine the degree of similarity between two sequences.  

o Identify structural motifs.  

 Provide sequence translation tools.  

o    Simplify translation tasks.  

o    Propose several protein possibilities for the same sequence. 

oIdentify exons/introns.  

 Provide physiological and functional prediction tools and experimental prediction 

tools.  

o    Similarity searches are central to bioinformatics. 

4. The biological foundations of bioinformatics  

It is essential to have the necessary biological prerequisites for the development and 

evaluation of models or techniques in bioinformatics. This is achieved by having a basic 

knowledge of the fundamental principles of molecular biology, such as gene and protein 

structures...  

4.1. From genomics to proteomics  

Understanding how a living cell works requires an understanding of the complex molecular 

mechanisms underlying various cellular activities. All the genes of an organism, or its 

genome, constitute a static database specific to that living being. 

From a single genome, each cell type in an organism will express a set of proteins (see Figure 

1), or proteome, which will vary depending on the cells' environment. Protein synthesis 

involves two stages - Transcription copies DNA into messenger RNA (mRNA) and takes 

place in the nucleus - Translation decodes the information carried by mRNA into polypeptides 

linked together into proteins. 

 Genomics and proteomics are inherently ‘global’ in the sense that hundreds, if not thousands, 

of databases, knowledge bases, computer programmes and document libraries are available 

via the Internet and are used by researchers and developers around the world in their work. 

 



APPLIED BIOINFORMATICS                                                                                                 Dr. BELATTAR. H 

 

Master I: Biotechnology and Molecular Pathology  4 

 

 

 

 

 

 

Figure 1. Protein synthesis  

As proteins are the main end players in biological processes, studying them can provide the 

most relevant insight into how a living cell functions. Proteomics is the science that studies 

proteomes, i.e. all the proteins in a cell, organelle, tissue, organ or organism at a given time 

and under given conditions.  

In practice, proteomics focuses on identifying proteins extracted from a cell culture, tissue or 

biological fluid, their location in cellular compartments, their post-translational modifications 

and their quantity. It can also be used to quantify variations in their expression levels over 

time, their environment, their state of development, their physiological and pathological state, 

and their species of origin. It also studies the interactions that proteins have with other 

proteins, with DNA or RNA, as well as the functions of each protein. 

4.2. Proteins  
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Proteins are one of the most important molecular classes in living organisms. Their 

functions include catalysing metabolic processes in the form of enzymes, playing an 

important role in signal transmission, defence mechanisms and molecule transport, and being 

used as building materials, for example in hair (keratin protein).  

Each protein is a macromolecule produced by a living organism. Proteins are formed 

from chains of amino acids linked by peptide bonds. They are usually represented as 

sequences. They fold into more or less stable three-dimensional structures (see Figure 2). 

Proteins are several hundred amino acids in size. More specifically, small chains are called 

peptides, while proteins are polypeptides that can be linked together by disulphide bridges. 

 

 

Figure 2. The different structures of a protein. 

Proteins are divided into three general classes, based on their overall three-dimensional 

structure and functional role: fibrous, membrane, and globular. Fibrous proteins tend to be 

long, narrow molecules. They are used to build macroscopic structures, particularly structures 

outside cells. They also tend to have a structural role, although some have more active 

functions.  

Membrane proteins comprise a unique class of proteins. For membrane proteins, a 

significant area of the protein must be stable in a hydrophobic environment. This is usually 

achieved by having non-polar side chains on specific surface areas of the protein. Because of 

this exposed hydrophobic surface, and because many membrane proteins are destabilised by 

removal from the membrane, most membrane proteins are difficult to manipulate. 

Consequently, structural information is available for only a relatively small number of these 
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proteins, although new techniques have made it possible to determine the three-dimensional 

structure for a growing number of membrane proteins in recent years. 

Globular proteins comprise the most diverse type of proteins. Globular proteins are 

soluble in aqueous solution and generally have polar residues on the surface and hydrophobic 

residues inside. Globular proteins often have stable structures that lend themselves to 

structural determination.  

4.3. Amino acids  

An amino acid is a small elementary molecule found in proteins. There are 20 different 

forms synthesised by ribosomes in living organisms (Table 2). 

The general configuration of natural amino acids is characterised by an amine group and 

a carboxyl group around a central α carbon atom (Figure 3).  

Peptide bonds connect individual amino acids in a polypeptide chain. Each amino acid 

is linked via the amide bond of its α-carboxylic acid group to the α-amine group of the other. 

As a result, they have N- and C-terminal ends. 

 

 

Figure 3. General configuration of an amino acid. 

The polypeptide primary structure, i.e., the amino acid sequence from the N-terminus to the 

C-terminus, can contain between three and several hundred amino acids. Each amino acid in 

the polypeptide chain is abbreviated by either a three-letter code or a single letter (see Table 

2).  

Table 2. The twenty native amino acids and their official codes. 
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Table 2. The twenty native amino acids and their official codes 

Amino Acid 3-Letter Code 1-Letter Code 
Alanine Ala A 
Arginine Arg R 
Asparagine Asn N 
Aspartic acid Asp D 
Cysteine Cys C 
Glutamic acid Glu E 
Glutamine Gln Q 
Glycine Gly G 
Histidine His H 
Isoleucine Ile I 
Leucine Leu L 
Lysine Lys K 
Methionine Met M 
Phenylalanine Phe F 
Proline Pro P 
Serine Ser S 
Threonine Thr T 
Tryptophan Trp W 
Tyrosine Tyr Y 
Valine Val V 
 

The structural and physicochemical properties of each amino acid vary greatly. 

However, based on their chemical composition, amino acids can be grouped into eight 

families: 

1. Aliphatic amino acids, which’s radical is a nonpolar hydrocarbon chain.  

2. Hydroxyl amino acids, which contain an alcohol group. They are polar but uncharged 

and neutral. 

3. Amino acids represented solely by proline. The side chain is folded and forms a 

covalent bond with the nitrogen atom of the amine group.  

4. Sulphur amino acids, which contain a sulphur atom in the side chain. One of these, 

cysteine, is a thiol; two cysteine molecules can form a covalent bond between their sulphur 

atoms and establish an additional bond in the protein chain.  

5. Dicarboxylic acids have an organic acid group at the end of their side chain. They are 

therefore polar, negatively charged (at neutral pH) and also acidic. 
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CHAPITRE II. 

SEARCHING IN DATABASES AND BIOLOGICAL BANKS 

 

Definition 

Biological databases are electronic, computerized libraries containing information on 

the life sciences, collected through scientific experiments, published literature, high-

throughput experimental technologies, and computational analyses. 

1. Role of biological Banks and Databases 

Their main purpose is to make determined sequences publicly available. One of the key 

advantages of these databases is the sheer volume of sequences they contain. Other missions 

include archiving, storing, distributing, and exploiting biological data. 

2. Contents of biological databases 

These databases may contain information on: (DNA, proteins, genes and genomes, 

taxonomy, other topics, etc.). They also include a bibliography and biological expertise 

directly related to the sequences processed. 

3. Types of databases 

There are a large number of databases of biological interest. We will limit ourselves to a 

presentation of the main public databases, based on the primary structure of the sequences, 

which are widely used in computer sequence analysis. 

We will distinguish between two types of databases: those that correspond to the most 

exhaustive collection of data possible and ultimately offer a rather heterogeneous set of 

information (generalist databases), and those that correspond to more homogeneous data 

organised around a theme (specialised databases) and offer added value based on a particular 

technique or interest by a group of scientists. 

3.1. General sequence banks  

The first sequence banks appeared in the early 1980s, on the initiative of a few teams, 

the first of which was led by Grantham and C. Gautier in Lyon. They cover all areas of 

biology and all species. Several organisations have taken on the task of producing such 

databases. 
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3.1.1. Nucleic sequence databases 

 EMBL (European Molecular Biology Laboratory) : a European database created 

in 1980 and funded by the EMBO (European Molecular Biology Organisation), it is 

now distributed by the EBI (European Bioinformatics Institute, Cambridge, UK); 

 GenBank : created in 1982 by IntelliGenetics and now distributed by the NCBI 

(National Centre for Biotechnology Information, Los Alamos, US); 

 DDBJ (DNA Data Bank of Japan) : created in 1986 and distributed by the NIG 

(National Institute of Genetics, Japan); 

3.1.2. Protein Sequence Databases 

 PIR-NBRF (Protein Information Resource-National Biomedical Research 

Foundation) : Established in 1984 by the NBRF, now integrates data from the MIPS 

(Martinsried Institute for Protein Sequences, Munich, Germany) and the Japanese JIPID 

(Japan International Protein Information Database) ; 

  SwissProt : Created in 1986 at the University of Geneva and maintained since 1987 

through a collaboration between the university (via ExPASy, Expert Protein Analysis 

System) and the EBI. SwissProt also integrates annotated sequences from PIR-NBRF 

as well as coding sequences translated from EMBL. 

These databases contain protein sequences obtained in multiple ways: 

in silico : Derived from nucleotide sequences by simple translation of the exons 

encoding them.  

 Isolated from cells: Experimentally determined protein sequences extracted from 

biological samples 

 or produced through genetic engineering. 

3.1.3 Avantages and Disadvantages of Generalist Databases 

 Avantages  

 These databases are extremely important because they provide information no 

longer reproduced in scientific literature (books or articles).  
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 The information is freely accessible.  

 They include a bibliography and expert annotations directly linked to the 

sequences.  

 Disadvantages 

 Limited verification of submitted sequences. 

 Delays in sequence submission and integration into the database 

3.2. Specialized Sequence Databases 

Specialized databases cover a specific area of biology. For particular needs, numerous 

specialized databases have been created. Some are well-maintained and regularly updated, 

others are neglected, and some have disappeared entirely. As of now, there are slightly more 

than a thousand, accessible via the Web. The type and quantity of information in these 

databases are highly variable. 

3.2.1. Organism-Specific Databases 

These databases collect data for a particular organism or group, containing all or part of the 

following information: 

 Physical chromosomal maps: Locates genes on chromosomes 

 Genetic maps and linkage:    

- Positional cloning of genes:  

 

 ESTs (Expressed Sequence Tags) : A short sequenced portion of complementary DNA 

(cDNA) used as a marker to distinguish genes within a DNA sequence and to identify 

homologous genes in other species.  

Because it is relatively easy to obtain mRNA strands from cells, biologists extract these 

sequences and convert them into cDNA, which is more stable. mRNA represents the 

expression of a gene from the genome. cDNA is not an exact copy of the original DNA, 

because after splicing, non-coding regions (introns) are removed from the mRNA.  
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 cDNA banks: Complementary DNA (cDNA) is a single artificially synthesized strand 

created from mRNA, representing the coding portion of the genome transcribed into that 

mRNA. It is obtained through reverse transcription of mature mRNA, effectively 

producing a DNA copy of the mRNA extracted from a cell at a given moment. 

 

 Cloning Vector Databases : A vector is DNA into which a fragment of DNA to be 

studied is inserted. The inserted DNA is called the insert, foreign DNA, or exogenous 

DNA. This nucleotide sequence is capable of self-replication. 

Vectors are therefore small DNA molecules used to carry a fragment of DNA for study. 

These small DNA molecules are usually plasmids or bacteriophages. To replicate these 

vectors, they must be introduced into bacteria. 

 Plasmids: Small circular DNA fragments present in bacterial cells and independent of 

the bacterial genome.  

 Phages: Viruses that infect bacteria.  

Other specialized information included in these databases: 

 Genes and expression  

 Cytogenetics and chromosomal abnormalities  

 Genes and disease  

 Oncogenes  

3.2. Specialized Nucleic Acid Databases 



APPLIED BIOINFORMATICS                                                                                                  Dr. BELATTAR H 

 

Master I: Biotechnology and Molecular Pathology  12 
 

These databases focus on: 

 ESTs and cDNA  

 RNA sequences  

 RNA secondary structure  

 Regulatory signals and elements  

 Probes and primers  

 Sequence alignments  

 Gene families   

3.3. Specialized Protein Databases 

These databases focus on: 

-  Alignements 

- Structural classification  

- Protein families  

- Protein-protein interactions  

- Enzymes  

- Post-translational modifications  

- Pathologies  

- Two-dimensional gels  

- Protein interaction and thermodynamics databases  

3.4.Immunology Databases 

These databases specialize in: 

- Sequences  

- Receptors (e.g., T-cell receptors)  

- MHC (Major Histocompatibility Complex): A self-recognition system in vertebrates. 

Class I MHC molecules are on all nucleated cells, and Class II molecules are on 

antigen-presenting cells, which present antigens to T lymphocytes to activate them. 

Human MHC is called HLA.  

- HLA system  

3.5. 2D and 3D Structure Databases 
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These databases focus on: 

 3D coordinates of proteins  

 Protein secondary structure  

 Structural domains: Portions of a protein capable of folding independently or partially 

independently of the rest of the molecule.  

 Enzyme active sites  

 Receptor-ligand complexes  

 Structural topology atlases of proteins 

 Avantages 

- Provide detailed, domain-specific information not found in generalist databases.  

- Data quality is generally higher due to more rigorous curation.  

- Easier to update in line with scientific advances in the specific field.   

 Disadvantages   

- May not always target the desired information; not all possible specialized databases 

exist. 
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CHAPTER III.  

ANALYSIS OF BIOMOLECULE SEQUENCES  

 

1. Introduction 

In bioinformatics, sequence comparison (DNA, RNA and/or proteins: mRNA, 5'UTR 

regions, ESTs, clones, etc.) is essentially based on the concept of alignment, and makes it 

possible to determine the degree of similarity between them (similarity or identity by 

revealing regions that are close in their primary sequences). This may then indicate that: 

 The structure (primary, secondary or tertiary) of the two sequences is similar, 

 The biological function is close or different (in the case of dissimilarity), 

 The origin of the aligned sequences is common or distant (concept of homology), etc. 

However, comparison to obtain an optimal alignment between two biological sequences 

nevertheless requires the implementation of calculation procedures (algorithms) and 

biological models to quantify the concept of similarity between these 

sequences. 

 

2. Sequence alignment 

2.1. What is alignment ? 

Alignment is a way of representing two or more sequences of biological 

macromolecules (DNA, RNA or proteins) one below the other, in order to highlight 

homologous or similar regions. 

Find as many matches as possible between the residues of the compared sequences. The 

alignment is more accurate when there are no mismatches or gaps (insertions or deletions). 

The characters are the same: identity = match 

  

The characters are not the same: substitution: mismatch 
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Figure 1: Example of alignment 

 

2.2. Basic principles for identifying similarities between two sequences 

 
Identity, similarity and alignment 
 
Sequence comparison programmes aim to identify areas where two sequences are 

identical or very similar, and to determine which of these are significant and correspond to 

a biological meaning, as opposed to those that are observed by chance. In general, 

algorithms operate on sequence segments (referred to as windows, motifs or words) to 

determine whether or not there is a significant similarity. If only analogies between sub-

sequences are taken into account without considering the possibility of insertion or 

deletion, then we refer to similar segments. Within this category, there are two specific 
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classes of similarity: perfect similarity or identity and imperfect similarity, which is 

referred to as similarity (Figure 2). 

 
 

 

Figure 2: The three main classes of similarity resulting from sequence comparison. 

 
3. Motifs in sequences 
 
3.1. Why search for motifs ? 

 

Motifs are often sought in sequences because they are generally involved in 

regulatory systems or define biological functions such as determining the function of a 

new sequence (e.g. by locating one or more motifs listed in motif databases), the 

identification of coding regions in a nucleic acid sequence, or the extraction from 

databases of sequences with the same regulatory signal or protein signature for 

subsequent comparative studies. 

3.2. What is a motif ? 
A ‘motif’ is a short segment in a sequence that is continuous and unambiguous. It can 

represent a more complex structure when it is itself composed of different “motifs” that may 

be more or less distant from each other, and its definition may include exclusions or 

associations of ‘motifs’. 

Several methods have been devised to identify functional elements using their 

sequence conservation. The search for conserved patterns can be done from multiple 
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alignments by searching for conserved blocks in the alignment or directly from the sequence 

using methods that both search for and determine consensus. These latter methods form the 

basis of ‘block’ multiple alignment techniques. 

In our work, we are interested in motif searching using the HMM technique. 

Example of motif searching: 

Sequence: C T G T G T G T A C A T G T G        of length 15  

Motif:    T G T G                                                of length 4 

Position: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15  

Sequence: C T G T G T G T A C  A  T  G  T G 

Solution: Set of positions: {2, 4, 12}. 

 

3.3. What is a consensus ? 

A character string indicating the residues conserved in each column of a multiple 

alignment.The consensus is obtained by retaining, for each column of a multiple 

alignment, either a single residue (known as a strict consensus) or a combination of 

representative residues (degenerate consensus). Degenerate consensuses can be 

represented by regular expressions, combined with IUPAC specifications for 

ambiguous residues. 

A consensus provides a compact representation of a sequential motif. Consensus is 

used, for example: 

 for nucleic acid sequences, to represent the binding motifs of transcription 

factors on DNA sequences, 

 for peptide sequences, to represent the characteristics of conserved domains 

within families of homologous proteins. 

 Consensus provides a compact and intuitive representation of a motif, but 

has some limitations. 
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 The rules applied to decide whether to represent a column of the alignment 

by a single residue or a combination of residues are unclear and vary 

between authors. 

 In the case of ambiguous positions, the consensus indicates which residues 

are accepted, but does not indicate the relative frequency of these residues in 

the initial alignments (unlike profiles or position-weight matrices). 

 
3.4.  Regular expressions  

A regular expression is a string of characters that describes a pattern composed of different 

types of elements: 

•    Precisely determined characters (composed of the amino acid or nucleotide alphabet, as 

applicable). 

•    A series of letters in square brackets [ ] indicates a list of alternative residues accepted at 

that position (partially determined residues). 

•    A number between curly brackets represents the repetition of a character. The number of 

repetitions can be fixed (e.g. A {4}=AAAA) or variable (N {3,20} means ‘a number of 

nucleotides varying between 3 and 20’). 

•    For peptide motifs, a series of residues in curly brackets means ‘anything except these 

residues’. For example, {A, L} means ‘any amino acid except A and L’. 

 
Exemples: 

*  The regular expression GAT [AT] AG means “the sequence GAT followed by either A or T, 

which is itself followed by AG”. 

*  For nucleic sequences, the regular expression CCG n{11} CCG means “the sequence CCG 

followed by 11 unspecified residues (A, C, G, or T), followed by the sequence CCG” 

*  For peptide sequences, the regular expression [AV]-x-L{2} describes a motif that starts with 

either Alanine or Valine ([AV]), followed by any amino acid (x), followed by two Leucines 

(L{2}). 

4. Protein Sequence Alignment 

4.1 Alignment of Two Sequences 

The alignment of two sequences makes it possible to identify the mutations that occurred 

during evolution. These events are responsible for the divergence of sequences. 
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An alignment of two sequences (often called pairwise alignment) is a correspondence 

established between residues, with the possible insertion of spaces (gaps). 

In order to obtain sequences of equal length. All correspondences are allowed as long as the 

order of the residues is respected. 

Three situations are possible for a given position in the alignment: 

 The characters are the same: identity 

 The characters are different: substitution 

 One of the positions is a gap (space): insertion/deletion 

Example of alignment of two sequences: 

 

 

Figure 3: Alignment of two sequences 

4.2 Methods for Pairwise Sequence Alignment 

There are two types of sequence alignments: global and local. 

The first one considers all residues of each sequence. If the sequences have different lengths, 

the shorter one will undergo gap insertions to align the two sequences from end to end. 

However, in a global alignment, if only short segments are highly similar between two 

sequences, the other parts of the sequences may reduce the weight of these regions. This is 

why other alignment algorithms, called local alignments, which focus on regions of similarity, 

were developed. The goal of local alignments is to find the most similar regions between two 

sequences without any predetermined length. Therefore, a local alignment includes only part 

of each sequence, unlike global alignments, which typically involve the entire sequences. 

. 
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Figure 4: Local and global alignment. 

However, it is clear that for any given pair of sequences, there are multiple possible 

alignments. It therefore becomes necessary to determine which alignment is the best, or 

rather, the optimal, if possible. 

4.3 Multiple Sequence Alignments 

Multiple sequence alignment (MSA) is a crucial and highly important task in molecular 

biology. MSA provides biologists with a way to analyze DNA or protein sequences and 

subsequently determine their degree of homology or divergence. MSA is used in phylogenetic 

tree construction and in identifying motifs in protein families, which helps predict their 

structural and functional properties 
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Figure 5: Representation of a multiple sequence alignment in linear form (A) and graph form 

(B). 

4.4 Importance of Multiple Sequence Alignment 

Multiple sequence alignment (MSA) is a fundamental tool for many analyses in biology. It 

allows the comparison of a group of related proteins or genes in order to establish 

evolutionary relationships. If two sequences show significant similarity, it is assumed that 

they share a common ancestor, and are therefore homologous. If two sequences share 

common motifs, it is assumed that they are under selective pressure, preventing mutations 

from becoming fixed, likely because the motif is important for maintaining a function. 

Multiple sequence alignment is mainly used to: 

 Identify common features in a protein family, such as conserved regions (motifs) or 

strictly conserved amino acids, which help link a sequence to its structure and function. 

 Construct the phylogenetic tree of the homologous sequences under study. 

 Deduce structural constraints for RNAs. 

To characterize conserved regions in sequences, it is often more effective to use multiple 

sequences and perform an MSA. Recently, methods based on iterative refinement strategies of 

an initial alignment have been developed, using either local alignments by dynamic 

programming (Morgenstern et al., 1996), global alignments using hidden Markov models 

(Morgenstern et al., 1996), or genetic algorithms. Iterative algorithms can achieve greater 

accuracy, but they are more computationally intensive. The heuristic nature of these programs 

recommends caution in interpreting results, and it is preferable to validate findings using 

multiple programs. 
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Figure 6: Multiple alignment of protein sequences. 

4.5 Progressive Alignment 

The most commonly used method to align multiple proteins is progressive alignment. 

It is divided into several steps: 

1- Calculation of a distance matrix between all sequence pairs. 

2- Construction of a guide tree from this distance matrix. 

3- Construction of the alignment based on the guide tree. 

1. Distance Matrix Between Sequence Pairs 

The first step of a progressive alignment is to align each pair of sequences and calculate their 

distance. The results are organized in a distance matrix, where: 

 Each row corresponds to a sequence. 

 Each column corresponds to a sequence. 

 The value di,j indicates the distance between sequence i and sequence j. 

Table I: Distances between sequences to be aligned 
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Pairwise alignments can be performed using dynamic programming (Needleman-Wunsch 

algorithm) or a faster heuristic (FASTA, BLAST). 

2. Construction of the Guide Tree 

From the distance matrix, a guide tree can be constructed using the Neighbour-Joining (NJ) 

method. 

The principle is to first create a branch connecting the two closest sequences (those with the 

minimal distance in the distance matrix), then add the sequences that are slightly less close, 

and continue in this manner until all sequences are connected. 

The guide tree is used temporarily to determine the order of incorporation of sequences in the 

multiple sequence alignment. Phylogenetic inference requires more detailed analyses, which 

can only be performed after obtaining the multiple alignment. 

3. Construction of the Progressive Alignment 

After calculating the distance matrix and building the guide tree, the multiple alignment is 

constructed by progressively incorporating sequences according to their branching order in 

the guide tree, from the closest sequences to the most distant ones. 
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Figure 7: Construction of a progressive alignment 

5. Score of a Multiple Alignment 

The score of a multiple alignment reflects the quality of the alignment. The algorithms used 

aim to maximize this score, which indicates the optimality of the alignment. 

Regardless of the multiple alignment method, the problem of how to calculate the score 

arises. The most commonly used method is the Sum-of-Pairs (SP) score: the sum, for each 

column, of all pairwise amino acid scores (based on a substitution matrix). By averaging over 

pairs or summing across all columns, a score for the alignment is obtained. 

Moreover, each algorithm implements its own scoring calculation according to several 

criteria, including: 

 How gap penalties are handled: opening, extension, closing. 

 Consideration of the region involved: e.g., discouraging gaps in hydrophobic regions and 

favoring them in hydrophilic regions. 

6. Scoring Matrices for Proteins 

6.1 Substitution Matrices 

There are two main families of matrices (log-odds matrices): 

 PAM matrices 
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PAM matrices, which stand for “Percent Accepted Mutation / Accepted Point Mutation”, are 

constructed by studying segments from homologous protein sequences (less than 15% 

differences). 

 PAMx: x% of accepted mutations between the sequences used to build the matrix. 

 The observed substitution frequencies (or conditional probabilities, called odds) are 

transformed into logarithms of probabilities, normalized in evolutionary units. The 

logarithm is used so that in similarity search programs, the sum of these elements gives 

the logarithm of the probability for the entire sequence (the model is Markovian: 

substitutions are assumed independent). 

 Diagonal elements of the matrix indicate no substitution. 

 For PAM1, the sum of diagonal elements corresponds to a probability of 99/100 (1 

mutation per 100 residues, hence the name PAM: Accepted Point Mutation). 

 Because the frequencies are independent and matrix elements are logarithms of 

probabilities, PAM(N) can be calculated by raising PAM1 to the power of N. For 

example, PAM120 is obtained by multiplying PAM1 by itself 120 times. 

BLOSUM Matrices 

BLOSUM matrices (Blocks Substitution Matrices) are built by analyzing protein sequences. 

Sequences are divided into blocks (totaling 2000 residues) according to the percentage of 

unchanged amino acids. 

 BLOSUMx: matrix obtained from sequences with at least x% identity (similarity) 

between them. 

 An odds matrix is calculated from the alignment blocks for each similarity value, and 

then each element is converted to information units by taking the logarithm of the ratio of 

the observed value to the value expected by chance. The matrix is then normalized. 

 Correspondences between BLOSUM and PAM matrices, based on information theory: 

 PAM250 → BLOSUM45 

 PAM160--->BLOSUM62 

 PAM120--->BLOSUM8 
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The matrices are calculated according to the log-odds ratio principle. 

 

 

 Pₐ,ᵦ: probability of observing a aligned with b in two homologous sequences. 

 Pₐ × Pᵦ: expected probability of aligning a with b in two non-homologous sequences. 

Log-odds ratio = log(odds ratio) 

 

 

Figure 8: Example representation of a BLOSUM matrix 

6.2 Choice of Protein Matrix 

The choice of a matrix depends on the type of analysis to be performed. There is no ideal 

matrix, and numerous comparative studies on matrices have shown (schematically) that: 

 For similar and short sequences, it is preferable to use a high BLOSUM matrix or a low 

PAM matrix. 
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 For divergent and long sequences, it is preferable to use a low BLOSUM matrix or a high 

PAM matrix. 

 BLOSUM62 appears to be the most widely used matrix for database comparisons, and for 

many sequence alignment programs, it seems to be the default matrix. 

6.3 Comparison of PAM and BLOSUM Matrices 

Several comparative studies have been carried out between these widely used matrices for 

database searches or alignments. Figure 3.3 shows the correspondence between these two 

types of matrices. Most studies have shown that BLOSUM matrices give better results than 

PAM matrices. Two reasons explain this outcome: 

 BLOSUM matrices are derived from local alignments (structurally conserved regions), 

whereas PAM matrices include highly divergent regions. 

 BLOSUM matrices are more recent and thus have benefited from a larger amount of 

available data. 

 The FASTA search algorithm uses BLOSUM62 by default. 

Alignment Evaluation 

Evaluating an alignment means measuring its quality by determining the distance between the 

two sequences. The score of an alignment is the sum of the scores for all positions (residues) 

taken pairwise . 

Example of evaluation 

 Assign a positive value to aligned identical symbols. 

 Assign a penalty (negative value) for a substitution or a gap. 

For example 

 Score (identity) = 2 

 Score (substitution) = -1 

 Score (gap) = -2 

 The alignment score would then be: 
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score total = 2+2+2+2+2+2-1-1-1-1-2-2-1-1-1-2 -2+2+2+2 =+3   

We will first present the methods used to measure and assign a score to these mutations. This 

score then allows us to determine the alignment score, defined as the sum of the scores of 

mutational events (illustrated in Figure II.1) that occurred between two sequences. Next, we 

will describe pairwise sequence alignments, and finally, multiple sequence alignment. 

7. The Profile Function 

The purpose of this function is to calculate the profile of an alignment A. This profile is a 

numerical representation of an MSA that reflects the common characteristics of a protein 

family. The profile function is used to determine the degree of membership of a protein to a 

family. It is particularly useful for aligning sequences that are not too divergent. The profile 

allows the identification of conserved regions in one or more sequences. It is calculated as the 

sum of the frequencies of occurrence of each residue in each column of the alignment. 
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CHAPITRE IV. 

PROTEIN STRUCTURE 

 

1. Introduction  

Proteins are one of the main components of the cell. Indeed, proteins, like nucleic acids, 

carbohydrates, and lipids, constitute the majority of the cell’s molecular activity. More 

specifically, proteins perform the vast majority of cellular functions, including the 

transmission of intercellular and intracellular signals and the control of the passage of 

molecules through the membrane. 

Proteins are also essential constituents of the cell membrane and can act as antibodies, 

hormones, or elastic fibers. Considering their advanced functions, it is not surprising that 

these molecules are highly complex. This section aims to briefly present some key elements 

concerning proteins. 

2. Definition of a protein 

A protein is a collection of non-branched polypeptide chains of amino acids linked 

together by peptide bonds. These proteins play an essential role in maintaining the cohesion of 

morphological structures and in cellular functioning. Some major groups of proteins include: 

 Enzymes (biological catalysts responsible for most chemical reactions in the cell).  

 Antibodies (responsible for the defense of higher organisms; they form complexes with 

foreign bodies in the blood).  

 Storage proteins.  

 Transport proteins.  

 Hormones (some hormones are protein in nature).  

 Histones (associated with DNA; they participate in the control of genetic expression).  

 Structural and support proteins.  

3. Protein structure 

Proteins are composed of a linear chain of amino acids linked by peptide bonds. This 

chain has its own three-dimensional organization (or folding). From the sequence to the 

folding, there are four levels of protein structure 
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3.1 Primary Structure 

In this structure, the protein takes the form of a chain composed of a group of amino 

acids linked together by peptide bonds during ribosomal enzymatic processes. 

3.2 Secondary Structure 

The secondary structure describes the local folding of the main chain of a protein. There 

are two main types of secondary structures depending on the hydrogen-bond framework and 

therefore on the folding of peptide bonds: α-helices and β-sheets. This structure maintains its 

stability through hydrogen bonds formed between the CO and NH groups. 

3.3 Tertiary Structure 

The peptide chain containing secondary structures includes interstitial regions called 

turns or bending zones, which together form a subunit. The stability of this structure is 

maintained by: 

 Hydrogen bonds between the chemical functions of the R side chains.  

 Ionic interactions between negatively and positively charged groups in the R side chains.  

 Hydrophobic interactions between water-repellent side chains.  

 Disulfide bridges formed between the sulfur atoms of two cysteine (Cys) amino acids.  

3.4 Quaternary Structure 

Two or more polypeptide chains can assemble into a three-dimensional structure, and 

each chain is called a subunit. These subunits are linked together mainly by weak interactions 

such as hydrogen bonds, and more rarely by covalent bonds such as disulfide bridges. This 

structure occurs in proteins composed of several subunits. 

Proteins perform an astonishing variety of functions that are closely related to their 

molecular structure. The description of proteins is traditionally based on four levels of 

organization. 
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Figure 1: The Four Levels of Protein Structure 

4. Protein Interaction 

Most proteins perform their biological functions by interacting with one or more other 

proteins. They can form large protein complexes such as the proteasome, which is an 

assembly of about 50 protein subunits that work together to degrade other proteins and play a 

crucial role in cellular homeostasis. 

These interactions are very diverse depending on their composition, affinity, and 

whether they are permanent or transient. 

4.1 Types of Interaction 

4.1.1 Homo-oligomeric or Hetero-oligomeric Interactions 
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Interactions may occur between identical proteins (homo-oligomers) or between 

different proteins (hetero-oligomers). The interaction may occur on the same surface for both 

monomers (isologous interaction) or on two different surfaces (heterologous interaction), in 

which case the formation of aggregates may occur. 

4.1.2 Obligatory or Non-obligatory Interactions 

The complexes formed may be obligatory or non-obligatory. An interaction is 

considered obligatory if the monomers involved do not have a stable structure in vivo in the 

absence of this interaction. In such cases, the function of the proteins involved is often 

dependent on this interaction. 

Most hetero-oligomeric complexes involve non-obligatory interactions, meaning that 

the proteins remain stable even in the absence of interaction. 

4.1.3 Permanent or Transient Interactions 

Interactions can also be distinguished according to their dynamics. Permanent interactions are 

very stable, and the proteins involved exist only in their complexed form. In contrast, transient 

interactions are much more dynamic, as the partners associate and dissociate rapidly in vivo. 

Transient interactions may be weak, meaning that they depend on the concentration of each 

partner in the environment. The interaction is controlled by a dynamic oligomeric equilibrium 

in solution, in which interactions are continuously formed and broken. 

Transient interactions may also be strong when they are controlled by a molecular mechanism. 

In this case, the oligomeric equilibrium may depend on phosphorylation or dephosphorylation, 

or on the presence of another partner such as guanosine triphosphate (GTP). In many cases, 

obligatory interactions are also permanent. 

4.2 Mechanisms of Protein Regulation 

Protein interactions are regulated by different mechanisms. Three main types of control can 

be identified: 

4.2.1 Localization 
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The association of two proteins depends on the encounter between their interaction 

surfaces and therefore requires co-localization in space and time, meaning that the proteins 

must be co-expressed or located in the same cellular compartment. 

If proteins are located in different compartments, directed transport mechanisms 

between these locations are necessary. 

4.2.2 Local Concentration 

This parameter is controlled by various mechanisms such as: Gene expression, 

Secretion levels , Protein degradation, Temporary storage , The molecular environment , 

Diffusion or viscosity of the medium  

4.2.3 Local Physicochemical Environment 

The mutual affinity of the components of a complex may be modified by the presence 

of an effector molecule (e.g., ATP, Ca²⁺ ) or by changes in physiological conditions. 

5. Protein–Protein Interaction Network 

The set of all protein–protein interactions occurring in a given organism, organ, or cell type 

is called the interactome. 

An interactome is often represented as a network, in which the nodes correspond to 

proteins, and an edge between two nodes indicates the existence of an interaction between 

the two corresponding proteins. This network, called a protein–protein interaction network, 

is undirected. 

However, this representation does not take into account the dynamic nature and the cellular 

localization of protein–protein interactions within the cell. 
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Figure 2: Visualization of a Protein–Protein Interaction Network in Baker’s Yeast 

1. Protein–Protein Interaction Databases 

Data on protein–protein interactions are publicly available in various databases. These 

databases differ in terms of the organisms covered and their data acquisition policies. 

On one hand, interaction data can be concise or detailed, and on the other hand, they can be 

automatically retrieved or manually entered by a curator who extracts information from the 

literature and various high-throughput screens. 

Some of the main databases include: 

TABLE 1: Description of Selected Protein–Protein Interaction Databases 
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1. Interaction Prediction 

The prediction of protein–protein interactions allows the number of available interactions 

to be increased, particularly for proteins that are poorly studied or not studied at all. Predictive 

approaches reduce the experimental search space by proposing likely interactions, making 

experimental testing more efficient. 

Moreover, these predictive methods can suggest interactions for proteins in poorly studied 

organisms or for inter-species systems where very few experimental interaction data are 

available. 

An additional advantage of interaction prediction is that it can be applied on a large scale 

(genome- or proteome-wide) at relatively low cost. Prediction methods are generally based on 

protein sequences as well as structural and genomic features related to interactions and 

functional relationships. 

8. Methods for Interaction Prediction 

8.1 Genomic Context Conservation Methods 

Comparative genome analysis, particularly the conservation of genomic context across 

species, has revealed functional links between genes or the proteins they encode. It is 

important to note that these functional interactions are not necessarily physical 

interactions. 

Various methods have been compared by Huynen et al. (2000). Among these methods: 

 Interolog Transfer 

This method is based on the principle that functionally linked proteins tend to co-evolve. If 

two proteins, A and B, interact in a given organism, their orthologs A’ and B’ in another 

organism are highly likely to interact as well. .  

This method has enabled the prediction of interactions in humans, C. elegans, and D. 

melanogaster based on yeast interaction data. 
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8.2 Co-evolution Methods 

Proteins that physically interact generally evolve in a coordinated manner, thereby 

preserving their contacts [Pazos et al., 1997]. Methods based on this principle are therefore 

capable of predicting interactions that are not only functional but truly physical. 

Among these methods: 

Phylogenetic Profile Method 

This method does not rely on previously known protein–protein interactions. 

Instead, it uses homology relationships between proteins across different 

organisms. 

Each protein is represented by a Boolean vector indicating the presence or absence of 

orthologs in various organisms. Proteins with similar vectors, i.e., similar 

phylogenetic profiles, are identified and have a high probability of participating in the 

same complex or signaling pathway, and therefore of physically interacting. 

8.3 Structure-Based Methods 

Other methods use information closer to the three-dimensional structure of the protein, 

aiming first to identify interaction sites. This can be done by recognizing residue motifs or 

by using properties of the interface topology, solvent-accessible surface, or hydrophobicity. 

8.4 Domain-Based Methods 

Domains are considered the elementary building blocks of proteins. They are structural 

and/or functional units conserved through evolution. Each domain contributes to the overall 

structure and function of the protein. 

The widely accepted hypothesis is that proteins interact through their domains. The idea is 

to infer domain–domain interactions based on protein–protein interactions, and then 

predict protein–protein interactions from these inferred domain–domain interactions. 

However, these methods are heavily dependent on the current state of knowledge, as many 

rules remain unknown. For this reason, interactomes derived from these approaches are still 

considered unreliable. 
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8.5 Machine Learning Methods 

Various machine learning and classification methods have been used to predict interactions 

between proteins or domains. The main idea is to learn the features of interacting protein 

pairs so that for any two proteins, one can predict whether they interact or estimate the 

probability of interaction. 
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CHAPTER V. GENE EXPRESSION AND MODELING 

DNA Microarray Analysis 

 

 

1. Introduction  

Rather than corresponding to a single technique, DNA microarrays encompass a wide 

variety of methods and technologies. The objective of this section is therefore not to present 

an exhaustive list of methodologies—which are constantly evolving—but rather to highlight 

the essential steps involved in the design and use of DNA microarrays. 

Their description mainly concerns transcriptome analysis, which is at the center of our 

research focus. Moreover, given the immense amount of available information, some aspects 

have been intentionally limited—according to our biological problem—to the particular 

characteristics related to bacterial models. 

The numerous steps involved in DNA microarray technology generate experimental 

variability that may affect the quality of the results, and this variability must be carefully 

taken into account. These sources of variability are therefore also described and discussed 

within the different paragraphs. 

2.1.1 History 

The development of DNA and gene microarrays is part of a technological evolution marked by 

several key stages: 

1. 1974 – Molecular hybridization 

The fundamental concept of DNA microarrays is based on the principle of hybridization described by 

Edwin Southern. This mechanism states that two complementary nucleic acid fragments can associate 

or dissociate reversibly depending on the temperature and salinity conditions of the medium. 

2. 1977 – Northern blotting 

Alwine and colleagues introduced the Northern blotting method, which allows the study of gene 

expression. This method is considered a precursor of modern genetic detection technologies. 
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3. 1987 – Concept of DNA Microarrays 

The idea of DNA microarrays emerged well before their first practical application. This concept is 

based on the use of a miniaturized approach to analyze interactions between nucleic acids. 

4. 1991 – Reverse Dot Blot 

Lennon and Lehrach introduced the reverse dot blot system, which proposed a simplified 

configuration for detecting specific nucleotide sequences, thus paving the way for the miniaturization 

of genomic technologies. 

5. 1992 – Differential Gene Expression 

Liang and Pardee developed a method for studying differential gene expression, opening new 

perspectives for analyzing variations in gene expression under different biological conditions. 

6. 1993 – First DNA Microarrays 

The first DNA microarrays appeared. They combined previous advances and relied on a 

multidisciplinary approach integrating electronic, chemical, and computational technologies. 

7. After 2001 – Explosion of Publications 

With the rapid evolution of technologies and the growing interest in genomics, publications related to 

DNA microarrays have increased exponentially, reinforcing their role in research and diagnostic 

fields. 

Thus, although DNA microarrays are based on concepts established as early as the 1970s, they 

are the result of continuous and interdisciplinary innovation that has transformed approaches in 

molecular biology and genomics. 

The global market for DNA and gene microarrays has experienced rapid and significant growth, 

with remarkable development rates in recent years. This trend is expected to continue substantially 

during the forecast period from 2022 to 2030 (Figure 1). 

.  
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Figure 1: DNA and Gene Microarray Market Size 

Historically, macroarrays, microarrays, and “true” DNA chips corresponded to three 

different analytical methods. Macroarrays used complementary DNA (cDNA) clones 

arranged on nylon membranes (with spacing on the order of a millimeter) in combination with 

radioactive targets. Microarrays, which are more miniaturized, contained several thousand 

genes represented by PCR products deposited every 200 to 400 micrometers on a glass slide, 

with fluorescently labeled targets. Finally, the “true” DNA chips associated each gene of an 

organism with a set of oligonucleotides synthesized in situ. 

The first of these DNA chips was called the “GeneChip™ HIV PRT.” Commercialized 

in 1998 by Affymetrix (Santa Clara, CA, USA), it was designed to analyze mutations in the 

reverse transcriptase and protease of the HIV virus. In the same year, the first oligonucleotide 

chip dedicated to a bacterium was developed, containing a subset of one hundred genes from 

Streptococcus pneumoniae. 

Today, these three distinctions are no longer really relevant, especially since these 

techniques are often used in combination, as illustrated by DNA chips using PCR products 

and radioactive targets. Consequently, the terms “DNA chip” and “microarray” are used 

interchangeably. The terms “biochip” or “micronetwork” are also found in the French 

scientific literature. 
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3. Principle of DNA Microarrays and Transcriptome Analysis 

The conceptual idea of a DNA microarray is very simple. Synthetic DNA fragments 

(called probes) are immobilized on a surface of a few square centimeters spaced a few 

micrometers apart, and representing each of the genes under study. This microdevice is then 

brought into contact with the nucleic acids to be analyzed during the hybridization step. 

These nucleic acids, called targets, correspond to mRNA or cDNA molecules that have 

been previously labeled with a fluorescent or radioactive marker. The interaction between 

targets and probes leads to the formation of hybrids identified by their coordinates on the chip 

and quantified by reading the radioactive or fluorescent signals. 

Regarding the terminology associated with DNA microarray technology, it is important 

to recall that microarrays are essentially a reverse Northern blot, where the probe is fixed 

while the labeled target is in solution. However, this difference has led to confusion between 

the terms “probe” and “target.” A standardized nomenclature has therefore been 

recommended and is now widely accepted: 

 Probes refer to the nucleic acids immobilized on the chip.  

 Targets represent the set of free nucleic acids being analyzed.  

The repetition of such a reaction at one or both ends of a dipeptide will produce a chain 

of amino acids that ultimately forms a protein (Figure 2). The sequence of amino acids 

forming the protein is called the primary structure. The nature of the side chain influences the 

final three-dimensional structure of the protein. 

Indeed, the side chains of nonpolar amino acids are hydrophobic and tend to cluster 

together in a hydrophobic core within the protein, leaving hydrophilic amino acids on the 

outside, where they are accessible to the solvent. This is illustrated in Figure 3. 
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Figure 2: Peptide bonds between amino acids              Figure 3: Hydrophobic core of a protein 

4. Structures 

The primary structure of a protein, that is, its amino acid sequence, determines its 

tertiary structure. It therefore contains all the information necessary for the folding of the 

protein. The second level of structure is called the secondary structure, which defines the 

different local three-dimensional conformations observed within subsets of amino acids in the 

primary structure. Among the various secondary structures, the most well-known are α-

helices and β-strands. 

These two secondary structures result from hydrogen bonds formed between an oxygen 

atom of the carboxyl group of one amino acid and a hydrogen atom of the amine group of 

another amino acid in the main chain. These structures involve only the atoms of the main 

chain, which explains their high frequency of occurrence. 

Transcriptome analysis requires measuring gene expression levels. This measurement 

can be carried out through an absolute evaluation of gene expression. This type of 

measurement is specific to microarrays marketed by the company Affymetrix, which are 

designed in a particular way. For each gene, a series of ten to twenty probes distributed across 

the entire gene sequence is represented on the slide. Each PM probe (Perfect Match) is 

associated with a MM probe (Mismatch) whose sequence is identical to that of the PM probe 

except for a single point mutation located at the central position. 

This MM probe allows the quantification of the non-specific signal (background noise) 

associated with the PM probe. The calculation of the expression level of a gene is relatively 
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complex but can be considered, as a first approximation, as a weighted average of the 

differences (PM–MM) for each pair of probes associated with that gene. 

However, for most microarrays commonly used, the study of gene expression levels is 

based on determining variations in gene expression levels of an organism under two different 

conditions. This is therefore a differential measurement of gene expression. 

In practice, to perform this measurement, the targets from two experimental samples are 

labeled using two different fluorochromes. They are then mixed and hybridized on the 

microarray (Figure 4). After hybridization, the measurement of fluorescence signal intensities 

corresponding to each fluorochrome allows the calculation, for each gene, of the ratio of 

signal intensities, which reflects its differential expression. 

These two types of measurements are not completely independent. Indeed, contrary to 

what might be assumed from this principle, targets labeled with two different fluorochromes 

do not compete for binding to the same probe, because the probes are always present in large 

excess relative to the amount of targets deposited. Experimental studies have even shown that 

the signal intensity obtained for one fluorochrome is not affected by the presence of a target 

labeled with the other fluorochrome. 

This observation validates the possibility of working either with individual signal 

intensities or with intensity ratios, and allows the comparison of samples that are not 

hybridized on the same slide. Based on this principle, numerous microarrays have been 

developed with specific probe sets designed to study the transcriptome of various organisms. 

Currently, researchers are attempting to design a universal microarray containing probes 

that represent all possible combinations of DNA sequences. The main challenge is to define 

the optimal probe length. A model has been developed to design a microarray dedicated 

simultaneously to mouse and yeast. A first universal microarray called UMAS (Universal 

Micro-Array System) has even been developed. It contains probes representing all possible 

combinations of hexamers, and its use, combined with an enzymatic fragmentation step of the 

targets, could generate expression profiles for any organism. 
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Figure 4: Principle of DNA Microarray Technology 

(A) The probe sequences are designed in order to optimize their specificity and sensitivity. 

The synthesized probes are deposited by a robot onto the surface of the slide according to a 

predefined layout. (B) mRNA molecules are extracted from the biological samples to be 

compared, labeled with two different fluorochromes, and then mixed before the hybridization 

step. (C) The slides are read using a scanner (fluorescence microscope) coupled with a 

photomultiplier tube (PMT). (D) The resulting image is then analyzed to quantify the signal. 

The data are subsequently normalized, analyzed, and interpreted. 
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CHAPTER VI 

MODELING OF BIOCHEMICAL SYSTEMS 

 

Introduction 

The complete process leading to the development and validation of a model involves several 

key steps: data collection, mathematical formulation or model design, computer simulation, 

analysis of results, and comparison with experimental observations. 

Among these, data collection is undoubtedly the most expensive step, whether in terms of the 

direct cost of acquiring the data or in the subsequent verification and storage processes. This 

explains the increasing need to maximize the utility of collected data, particularly through 

reuse. Data sharing over networks such as the Internet has been facilitated by the creation of 

large databases. Indeed, biology is one of the fields where the explosion in the number and 

size of databases over the past ten years has been particularly remarkable, mainly due to 

large-scale analysis tools such as genome sequencing and microarrays. 

Dedicated databases have been developed to store this wealth of information. Currently, there 

are more than 900 molecular biology databases, according to the journal Nucleic Acids 

Research (‹http://en.wikipedia.org/wiki/Biological_database›). 

However, numerous challenges arise when attempting to reuse stored information. For 

example, some data may be missing, depending on the domain (metabolism, genetics, etc.). 

Information might be absent either because it is obvious (implicit) or because it is considered 

irrelevant for the specific domain. Other difficulties include the lack of standardization of 

biological vocabulary, and despite the abundance of data, knowledge remains inevitably 

incomplete. 

To help biologists organize the collection and storage of data, several standardization 

initiatives have been launched, such as the development of ontologies like Gene Ontology 

(GO, see Chapter 5) or data structuring languages like CellML (see Chapter 11) and SBML. 

This chapter describes the approach initiated by a consortium of biochemical modelers, which 

led to the creation of the SBML language. 
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1. What is a model in the context of biochemical networks? 

The term biochemical reactions is a generic one that refers to a set of interactions traditionally 

classified into three categories: genetic networks, signaling networks, and metabolic networks. 

Chains of biochemical reactions (or pathways) form a network, which generally exhibits a 

high degree of connectivity. 

One intrinsic feature of a biochemical network model is that it represents a biological process, 

and therefore includes information describing the dynamic aspects of the network. Typically, 

this dynamic behavior is expressed through a set of mathematical equations that describe the 

evolution of molecule quantities in a given volume and time (i.e., concentrations). 

These quantities change under the influence of biochemical transformations catalyzed by 

enzymes. Starting from a more or less heterogeneous pool of molecules (the substrates), these 

reactions produce a new pool of molecules (the products) as a result of sometimes complex 

reaction chains. Figure 1 illustrates the reaction chain of the Krebs cycle, which consists of 16 

reactions. 

The design and formalization of the corresponding mathematical model require: 

1. Referencing all biological entities involved in the reaction chain.  

2. Storing the mathematical expressions and quantitative information specific to each 

reaction.  

While the description of entities (list of substrates, products, or catalyzing enzymes) can 

usually be standardized across modelers, the parameter values, units, or equation systems are 

generally specific to the process being modeled. 

Using a model description language independent of simulation tools facilitates the separation 

of entity descriptions from process descriptions, enabling various levels of reuse: 

 Reuse of reaction chain components.  

 Reuse of parameters and equations.  

This approach allows one to construct a custom model with, for example, specific initial 

conditions or alternative assumptions, or to reuse all or part of a set of equations to connect to 

another model or simply reproduce the simulation. 
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1. The SBML Language (Systems Biology Markup Language) 

SBML is a tag-based language built on XML. Essentially, an XML document is divided into 

hierarchically structured elements starting from a root element. Syntactically, elements in an 

XML document are marked by opening and closing tags, and each element consists of: 

 a name specifying its type,  

 attributes, and  

 content composed of elements or text.  

This triplet—resource, properties, and values—is often referred to as subject, predicate, object. 

SBML consists of a set of construction elements specific to systems biology, defined within 

an XML schema. The project began in April 2000 during a workshop at Caltech (California 

Institute of Technology, USA), initiated by Hamid Bolouri, Hiroaki Kitano, and John C. 

Doyle, who were soon joined by many researchers from the modeling community. 
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Figure 2: General Organization of the SBML Language. A model in SBML is composed 

of several lists containing the descriptions of: Molecules, Reactions involving them, 

Parameters, Initial conditions, Standard units, and more.  

An SBML file declares two namespaces: one specific to SBML, and the other for XML 

standards. The directives are detailed in Figure 3. The following paragraphs provide a brief 

description of the main SBML elements and their usage, not in the order of the sbml.xsd file 

(Figure 2), but rather according to a logical model-building workflow. 

Compartment: Represents a closed space in which species are located. It does not 

necessarily correspond to a real physical structure inside or outside the cell. All species 

defined in the model are assigned to a compartment. 
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Figure 3: Declaration of a Namespace 

Declaring a namespace and its associated prefix involves inserting the attribute: 
xmlns:prefix="Namespace URI" into the opening tag of an element containing names (for 
elements or attributes) from that namespace. For example, the namespace associated with 
XML Schema is:http://www.w3.org/2001/XMLSchemawith the prefix xsd. 

In an SBML file, all species must be assigned to a compartment, which implies that at least 

one compartment must be defined. Aside from a mandatory unique identifier; all other 

attributes of a compartment are optional. Attributes such as spatial dimensions, constant, size, 

and units manage information about the compartment’s dimensions. Different combinations 

of these attribute values allow or restrict resizing and determine how the values are interpreted 

when species quantities are expressed as concentrations. By default, the compartment is 

declared in three dimensions and the size is constant.  Attributes size and units have no default 

value.  Special attention is required when upgrading a model from SBML version 1 to version 

2, because previously the volume (the only attribute managing dimensions) had a default 

value of 1. A specific initialization can be provided using an initial Assignment at the model 

level. An initial assignment can take the form of a mathematical expression. In this case, it is 

mandatory that the compartment is not declared constant (constant=false). 

The composition of compartments is possible by assigning the identifier (id) of another 

compartment to the outside attribute. Figure 4 illustrates how to express the localization of the 

mitochondrion within the cytosol. 
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Figure 4: Declaration of the Mitochondrion within the Cytosol 

The Species element is used to specify the different entities in the model, regardless of their 

nature—from a simple ion to a protein complex. A unique identifier and the compartment are 

mandatory. As noted earlier, the compartment must have been previously declared at the 

model level. The type of the species (species Type) can also be specified. Figure 5 shows the 

declaration of the substrates and products for the citrate synthase reaction. 

  Figure 5: Declaration of Molecular Species 

The Reaction element allows the enumeration of participants in a reaction. The list Of Reactants 
contains the molecules consumed by the reaction. The list Of Products contains the molecules 
produced by the reaction. The modifier Species References attribute specifies molecules that 
participate in the reaction without being created or destroyed, such as inhibitors or activators. 
All these molecules must have been previously defined as species. The stoichiometry of the 
reaction is an attribute of each entity.  

A reaction also contains information related to the modeled biological process. The kinetic 

Law field references a structure that allows the mathematical equation to be coded in Math 

ML and specifies a listOfParameters, which are local constants for this reaction. A kinetic 

Law can also declare an SBOTerm (see the SBOTerm section below). By default, a reaction is 

considered reversible (reversible=true).  
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The fast attribute can be used to indicate reactions that are assumed to occur on a much faster 

timescale than other reactions in the model. 

 

 

 

Figure 6: Declaration of Species Involved in the Citrate Synthase Reaction 
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