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1. Introduction 
 
Bioinformatics is the new niche in Biotechnology, the new investment opportunity for 
Venture Capitalists, the new business opportunity for entrepreneurs; Bioinformatics is 
simply the new, new thing! The last decade has witnessed the dawn of a new era of 
‘silicon-based’ biology, opening the door, for the first time, to the possible investigation 
and comparative analysis of complete genomes. In its broadest sense, genome analysis 
(the quest to elucidate and characterize the genes and gene products of an organism) is 
underpinned by a number of pivotal concepts, concerning, principally, the processes of 
evolution (divergence and convergence), the mechanism of protein folding, and crucially, 
the manifestation of protein function. 
 
Biological data are being produced at a phenomenal rate. On average, these databases are 
doubling in size every 15 months. In addition, complete sequences for nearly 300 
organisms have been released, ranging from 450 genes to over 100,000. Add to this the 
data from the myriad of related projects that study gene expression, determine the protein 
structures encoded by the genes, and detail how these products interact with one another, 
and one can begin to imagine the enormous quantity and variety of information that is 
being produced. Because of such large amount of data, computers have become 
indispensable to biological research. Such an approach is ideal because of the ease with 
which computers can handle large quantities of data and probe the complex dynamics 
observed in nature. For more details on introduction to bioinformatics one may refer to 
Attwood and Parry-Smith (2002). 
 
 
2. What is bioinformatics? 
 
During the last decade, molecular biology has witnessed an information revolution as a 
result both of the development of rapid DNA sequencing techniques and of the 
corresponding progress in computer-based technologies, which are allowing us to cope 
with this information deluge in increasingly efficient ways. The broad term that was 
coined in the mid-1980s to encompass computer applications in biological sciences is 
bioinformatics. 
 
The term bioinformatics has been commandeered by several different disciplines to mean 
rather different things. In its broadest sense, the term can be considered to mean 
information technology applied to the management and analysis of biological data; this 
has implications in diverse areas, ranging from artificial intelligence and robotics to 
genome analysis. In the context of genome initiatives, the term was originally applied to 
the computational manipulation and analysis of biological sequence data. However, in 
view of the recent rapid accumulation of available protein structures, the term now tends 
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also to be used to embrace the manipulation and analysis of three dimensional (3D) 
structural data. 
 
 
3. A definition 
 
Bioinformatics is conceptualizing biology in terms of molecules (in the sense of Phy-sical 
chemistry) and applying “informatics techniques” (derived from disciplines such as 
applied mathematics, computer science and statistics) to understand and organize the 
information associated with these molecules, on a large scale.  
 
In short, bioinformatics is a management information system for molecular biology and 
has many practical applications. Also, it is often defined as the application of 
computational techniques to understand and organize the information associated with 
biological macromolecules.  
 
The unexpected union between the two subjects, computer science and biology, is 
attributed to the fact that life itself is an information technology; an organism’s 
physiology is largely deter-mined by its genes, which at its most basic can be viewed as 
digital information. At the same time, there have been major advances in the technologies 
that supply the initial data; Anthony Kervalage of Celera recently cited that an 
experimental laboratory can produce over 100 gigabytes of data a day with ease. This 
incredible processing power has been matched by the developments in computer 
technology; the most important areas of improvements have been in the CPU, disk 
storage and Internet, allowing faster computations, better data storage and revolutionized 
the methods for accessing and exchanging data.  
  
 
4. Why is bioinformatics important? 
 
In a field that has been dominated by structural biology for the last 20-30 years, we are 
now witnessing a dramatic change to focus towards sequence analysis, spurred on by the 
advent of various genome projects. Now, the central challenge of bioinformatics is to 
rationalize the mass of sequence information, with a view not only to deriving more 
efficient means of data storage, but also to designing more incisive analysis tools. The 
imperative that drives this analytical process is the need to convert sequence information 
into biochemical and biophysical knowledge; to decipher the structural, functional and 
evolutionary clues encoded in the language of biological sequences. 
 
It is clear that mere acquisition of sequences conveys little more about the intricate 
biology of the systems from which they are derived than a company phone directory can 
reveal about the complexities of the company’s business. To extract biological meaning 
from sequence information is an exacting science. In essence, we are faced with the task 
of decoding an unknown language. This language may be decomposed into sentences 
(proteins), words (motifs), and letters – its alphabet – (amino acids), and the code may be 
tackled at a variety of these levels. By themselves, the letters have no higher meaning, but 
their particular combination into words is important. Sometimes, the most subtle of 
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changes, a single letter within a word perhaps, can change its meaning, and hence the 
meaning of the entire sentence. Consider, for example a single base change in the 
haemoglobin A chain codon for gultamic acid (GA) to Valine (GUA); in homozygous 
individuals, this minute difference results in a change from a normal healthy state to fatal 
sickle cell anaemia. 
Ultimately, the aim is to understand the words in a sequence sentence that form a 
particular protein structure, and perhaps one day to be able to write sentences (design 
proteins). Today, application of computational methods allows to recognize words that 
form characteristic patterns or signatures, but do not yet understand the intricate syntax 
required to piece the patterns together and build complete protein structures. In 
investigating the meaning of sequences, two distinct analytical themes have emerged: in 
the first approach, pattern recognition techniques are used to detect similarity between 
sequences and hence to infer related structures and functions; in the second, ab initio 
prediction methods are used to deduce 3D structure, and ultimately to infer function, 
directly from the linear sequence. The development of more powerful pattern recognition 
and structure prediction techniques will continue to be dominant themes in bioinformatics 
research wile the number experimentally determined protein structures remains small. 
 
5. Aims of bioinformatics 
 
Broadly, the aims of bioinformatics are three-fold.  
 

 To organize data in a way that allows researchers to access existing information 
and to submit new entries as they are produced, e.g. the Protein Data Bank for 3D 
macromolecular structures. While data-curation is an essential task, the 
information stored in these databases is essentially useless until analyzed.  

 
 To develop tools and resources that aid in the analysis of data. For example, 

having sequenced a particular protein, it is of interest to compare it with 
previously characterized sequences.  This needs more than just a simple text-
based search, and programs such as FASTA and PSI-BLAST must consider what 
constitutes a biologically significant match. Development of such resources 
dictates expertise in computational theory, as well as a thorough understanding of 
biology.  

 
 To use computational tools to analyze the data and interpret the results in a 

biologically meaningful manner.  In bioinformatics, one can now conduct global 
analyses of all the available data with the aim of uncovering common principles 
that apply across many systems and highlight novel features.  

 
6. Few keywords in bioinformatics 
 
An exhaustive review on “what is bioinformatics? A proposed definition and overview of 
the field” was made by Luscombe et. al. (2001), where they have provided a systematic 
definition of bioinformatics and also explained the first and third aims, with particular 
reference to the keywords: information, informatics, organisation, understanding, large-
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scale and practical applications. Specifically, they discussed the range of data that are 
currently being examined, the databases into which data are organised, the types of 
analyses that are being conducted using transcription regulatory systems as an example, 
and finally some of the major practical applications of bioinformatics. The keywords that 
are quite commonly used in bioinformatics, described in Luscombe et. al. (2001) are as 
follows. 
 
…Information associated with the molecules… 
 
Most bioinformatics analyses focus on three primary sources of data: DNA or protein 
sequences, macromolecular structures and the results of functional genomics 
experiments. Raw DNA sequences are strings of the four base-letters comprising genes, 
each typically 1,000 bases long. The GenBank repository of nucleic acid sequences 
currently holds a total of 12.5 billion bases in 11.5 million entries (all database figures as 
of April 2001). At the next level are protein sequences comprising strings of 20 amino 
acid-letters. At present there are about 400,000 known protein sequences, with a typical 
bacterial protein containing approximately 300 amino acids. Macromolecular structural 
data represents a more complex form of information. There are currently 15,000 entries 
in the Protein Data Bank, PDB, containing atomic structures of proteins, DNA and RNA 
solved by x-ray crystallography and NMR. A typical PDB file for a medium-sized protein 
contains the xyz-coordinates of approximately 2,000 atoms.  
 
Scientific euphoria has recently centred on whole genome sequencing. As with the raw 
DNA sequences, genomes consist of strings of base-letters, ranging from 1.6 million 
bases in Haemophilus influenzae to 3 billion in humans. The Entrez database currently 
has complete sequences for nearly 300 archaeal, bacterial and eukaryotic organisms. In 
addition to producing the raw nucleotide sequence, a lot of work is involved in 
processing this data. An important aspect of complete genomes is the distinction between 
coding regions and non-coding regions -‘junk’ repetitive sequences making up the bulk 
of base sequences especially in eukaryotes. Within the coding regions, genes are 
annotated with their translated protein sequence, and often with their cellular function.   
 
More recent sources of data have been from functional genomics experiments, of which 
the most common are gene expression studies. One can now determine expression levels 
of almost every gene in a given cell on a whole-genome level, however there is currently 
no central repository for this data and public availability is limited. These experiments 
measure the amount of mRNA that is produced by the cell under different environmental 
conditions, different stages of the cell cycle and different cell types in multi-cellular 
organisms. Much of the effort has so far focused on the yeast and human genome. One of 
the largest dataset for yeast has made approximately 20 time-point measurements for 
6,000 genes. However, there is potential for much greater quantities of data when 
experiments are conducted for larger organisms and at more time-points.  
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…Organize the Information on a Large Scale… 
 
Redundancy and Multiplicity of Data: 
 
A concept that underpins most research methods in bioinformatics is that much of the 
data can be grouped together based on biologically meaningful similarities. For example, 
sequence segments are often repeated at different positions of genomic DNA. Genes can 
be clustered into those with particular functions (e.g. enzymatic actions) or according to 
the metabolic pathway to which they belong, although here, single genes may actually 
possess several functions. Going further, distinct proteins frequently have comparable 
sequences – organisms often have multiple copies of a particular gene through 
duplication and different species have equivalent or similar proteins that were inherited 
when they diverged from each other in evolution. At a structural level, we predict there to 
be a finite number of different tertiary structures – estimates range between 1,000 and 
10,000 folds – and proteins adopt equivalent structures even when they differ greatly in 
sequence. As a result, although the number of structures in the PDB has increased 
exponentially, the rate of discovery of novel folds has actually decreased.  
 
Data Integration: 
 
The most profitable research in bioinformatics often results from integrating multiple 
sources of data. For instance, the 3D coordinates of a protein are more useful if combined 
with data about the protein’s function, occurrence in different genomes, and interactions 
with other molecules. In this way, individual pieces of information are put in context with 
respect to other data. Unfortunately, it is not always straightforward to access and cross-
reference these sources of information be-cause of differences in nomenclature and file 
formats.  
 
At a basic level, this problem is frequently addressed by providing external links to other 
databases. For example in PDBsum, web-pages for individual structures direct the user 
towards corresponding entries in the PDB, NDB, CATH, SCOP and SWISS-PROT 
databases. At a more advanced level, there have been efforts to integrate access across 
several data sources. One is the Sequence Retrieval System, SRS, which allows flat-file 
databases to be indexed to each other; this allows the user to retrieve, link and access 
entries from nucleic acid, protein sequence, protein motif, protein structure and 
bibliographic databases. Another is the Entrez facility, which provides similar gateways 
to DNA and protein sequences, genome mapping data, 3D macromolecular structures and 
the PubMed bibliographic database. A search for a particular gene in either database will 
allow smooth transitions to the genome it comes from, the protein sequence it encodes, its 
structure, bibliographic reference and equivalent entries for all related genes. 
 
…Understand and Organize the Information…  
 
The broad subject areas in bioinformatics can be separated according to the type of 
information that is used. For raw DNA sequences, investigations involve separating 
coding and non-coding regions, and identification of introns, exons and promoter regions 

 5



Bioinformatics and Statistical Genomics        L1 

for annotating genomic DNA. For protein sequences, analyses include developing 
algorithms for sequence comparisons, methods for producing multiple sequence 
alignments, and searching for functional domains from conserved sequence motifs in 
such alignments. Investigations of structural data include prediction of secondary and 
tertiary protein structures, producing methods for 3D structural alignments, examining 
protein geometries using distance and angular measurements, calculations of surface and 
volume shapes and analysis of protein interactions with other subunits, DNA, RNA and 
smaller molecules. These studies have lead to molecular simulation topics in which 
structural data are used to calculate the energetics involved in stabilizing macromolecular 
structures, simulating movements within macro-molecules, and computing the energies 
involved in molecular docking. The increasing availability of annotated genomic 
sequences has resulted in the introduction of computational genomics and proteomics – 
large scale analyses of complete genomes and the proteins that they encode.  
 
In addition to finding relationships between different proteins, much of bioinformatics 
involves the analysis of one type of data to infer and understand the observations for 
another type of data. An example is the use of sequence and structural data to predict the 
secondary and tertiary structures of new protein sequences. Another example is the use of 
structural data to understand a protein’s function; here studies have investigated the 
relationship between different protein folds and their functions and analyzed similarities 
between different binding sites in the absence of homology.  
 
… applying Informatics Techniques…  
 
For data organization, the first biological databases were simple flat files. However with 
the increasing amount of information, relational database methods with Web-page 
interfaces have become increasingly popular. In sequence analysis, techniques include 
string comparison methods such as text search and one-dimensional alignment 
algorithms. Motif and pattern identification for multiple sequences depend on machine 
learning, clustering and data mining techniques. 3D structural analysis techniques include 
Euclidean geometry calculations combined with basic application of physical chemistry, 
graphical representations of surfaces and volumes, and structural comparison and 3D 
matching methods. For molecular simulations, Newtonian mechanics, quantum 
mechanics, molecular mechanics and electrostatic calculations are applied. In many of 
these areas, the computational methods must be combined with good statistical analyses 
in order to provide an objective measure for the significance of the results. 
 
 
7. Major uses of bioinformatics 
 
One of the major uses of bioinformatics is finding homologues. One of the driving forces 
behind bioinformatics is the search for similarities between different biomolecules. Apart 
from enabling systematic organization of data, identification of protein homologues has 
some direct practical uses. The most obvious is transferring information between related 
proteins. Specifically with structural data, theoretical models of proteins are usually 
based on experimentally solved structures of close homologues. Similar techniques are 
used in fold recognition in which tertiary structure predictions depend on finding 
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structures of remote homologues and checking whether the prediction is energetically 
viable. Homologue-finding is extensively used to confirm coding regions in newly 
sequenced genomes and functional data is frequently transferred to annotate individual 
genes. On a larger scale, it also simplifies the problem of understanding complex 
genomes by analyzing simple organisms first and then applying the same principles to 
more complicated ones.  
 
Another use of Bioinformatics is Rational Drug Designing. One of the earliest medical 
applications of bioinformatics has been in aiding rational drug design. Fig. 1 outlines the 
commonly cited approach, taking the MLH1 gene pro-duct as an example drug target. 
MLH1 is a human gene encoding a mismatch repair protein (mmr) situated on the short 
arm of chromosome 3. Through linkage analysis and its similarity to mmr genes in mice, 
the gene has been implicated in nonpolyposis colorectal cancer. Given the nucleotide 
sequence, the probable amino acid sequence of the encoded protein can be determined 
using translation software.  
 
 

 
 
Fig. 1 Above is a schematic outlining how scientists can use bioinformatics to aid rational drug discovery. MLH1 is a human gene 
encoding a mismatch repair protein (mmr) situated on the short arm of chromosome 3. Through linkage analysis and its similarity to 
mmr genes in mice, the gene has been implicated in nonpolyposis colorectal cancer. Given the nucleotide sequence, the probable 
amino acid sequence of the encoded protein can be determined using translation software. Sequence search techniques can be used to 
find homologues in model organisms, and based on sequence similarity, it is possible to model the structure of the human protein on 
experimentally characterised structures. Finally, docking algorithms could design molecules that could bind the model structure, 
leading the way for biochemical assays to test their biological activity on the actual protein. (Figure taken from the source – Luscombe 
et al., 2001) 
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Sequence search techniques can then be used to find homologues in model organisms, 
and based on sequence similarity; it is possible to model the structure of the human 
protein on experimentally characterized structures. Finally, docking algorithms could 
design molecules that could bind the model structure, leading the way for bio-chemical 
assays to test their biological activity on the actual protein.  
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