34

Z. Minuchehr et al. / Bioinformatics and Biocomputational Research 1 (2016) 34-41

Bioinformatics in a Nutshell
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Abstract. We are now confronting an overwhelmingly increase in biological data in public archives. With the complete genome sequence of human and other species available,
there is now a constant need for bioinformatics databases
and tools to analyze these data. Bioinformatics has recently
focused on the manipulation of information and is playing
a significant role in biology and human health and disease
leading to a personalized medicine approach. Wet lab biologists use bioinformatics tools in a daily manner, sometimes
without even noticing its existence and importance. It is unlikely for a research to be designed without prior information obtained using these powerful and time saving tools.
This data will undoubtedly increase our knowledge in complex biological systems. Here we review different aspects in
this interdisciplinary science by presenting a historical overview and introducing major databases and tools along with a
glimpse in newly emerging fields including next-generation
sequencing (NGS) technologies and systems biology.
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1. Introduction
Human genome project was performed in the early 1980’s
[1]. Its aim was to create the human genetic map in order to
cure unknown genetic and complex diseases, the result of
this attempt led to an overwhelming data and information,
emerging the computational biology science and bioinformatics. In this review we give an overview on the historical
background of this exciting field of science. We also present a
collection of major biological databases and tools, along with
an introduction to NGS technologies and systems biology.
* Corresponding author.
E-mail address: minuchhr@nigeb.ac.ir

1.1. What really is bioinformatics?
Bioinformatics is said to be a shotgun marriage between
biology, information science, mathematics and statistics (Fig.
1) [2].
There are several definitions for bioinformatics such as
application of computer technology to the management of
biological information, or the science of developing and utilizing computational tools to enhance biological research
in many ways. Designing different biological databases and
search engines, along with obtaining knowledge on the structure and properties of biological macromolecules (proteins,
nucleic acids and complex molecules), all in one provide an
explanation for bioinformatics. Another challenge for bioinformatics is to explore the data and to uncover biologically relevant interactions and pathways. Such knowledge is
of crucial importance in many different areas, ranging from
computer science and mathematics to medical, pharmaceutical sciences and plant technology. As far as we are concerned
the best definition for bioinformatics is a union of all of these
areas of scientific enterprise that evolves both practical and
conceptual tools for the generation, dissemination, representation, analysis and understanding biological problems [3].
In this review we will give an introduction to bioinformatics
centers, databases, sequence analysis, structure and function
tools and techniques and as a whole the application of computer science in different biological aspects.
1.2. Historical overview
We now introduce some events which are of great value
in bioinformatics. Margaret Dayhoff, a professor in Georgetown university, was the first scientist to write an atlas of
protein sequence in 1960, this atlas was eventually maintained as an electronic database known as PIR (Protein Identification Resource) [4]. One of the most important events
in bioinformatics, soon thereafter a program was developed
for global sequence alignment by Needleman and Wunsch
[5]. They compared two sequences starting at one end and
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moving towards the other, this method was called dynamic
programming. Finding local alignments between sequences
was developed in 1981 by Smith and Waterman, they recognized that the most biologically significant regions in DNA
and protein sequences were local parts, these parts align well
and the remaining regions of less-related sequences were less
significant [6]. The method was called local alignment algorithm for sequence alignment. The next important event
in bioinformatics evolution was finding the concept of sequence motifs designing [7]. Soon afterwards the first DNA
database was designed with the name of GenBank which was
first founded in 1982. Many types of databases are introduced each year in the first issue of Nucleic Acids Research
[8]. The challenge for different sequence database searching
techniques was then started and the fast sequence similarity searching was developed [9, 10]. Three years later the
National Center for Biotechnology Information (NCBI) at
the National Library of Medicine of NIH (http://www.ncbi.
nlm.nih.gov/) and the EMBnet network for database distribution were created (http://www.embnet.org/). Blast or the
Basic Local Alignment Search Tool was then developed for
finding local similarities between sequences [11]. In 1995 the
Haemophilus influenzea genome was completely sequenced,
Mycoplasma genitalium genome was sequenced in the same
year [12, 13]. These helped to provide a model of the minimum number of genes needed for independent existence.
The genome for E. coli and Caenorhabitis elegans, were published in 1997 and 1998 respectively. The first human chromosome was sequenced completely in 1999 and the genome
for Pseudomonas aeruginosa was published in 2000. The
Human Genome Project was completed in 2003 which was a
start point for challenges in creating different databases and
improving searching techniques.
2. Bioinformatics databases
2.1. Nucleotide databases
In 1970’s scientists started to develop methods for nucleic
acid sequencing with two sequencing methods; chain termination and chemical degradation [14, 15]. We already know
that humans carry ~3,000 megabases (i.e., 3 × 109 bases or
base pairs) of DNA in each of their cells. The Human Genome Project (HGP) started in 1990 with the collaboration
of the US Department of Energy and National Institutes
of Health as a 15-year program to determine the sequence
of the complete nucleotide content of the human genome.
Three major DNA databases were designed in different parts
of the world, all three major DNA databases were interconnected and exchange data in a daily manner. These three major DNA databases are:
• Genbank (USA): This database can be accessed from the
National Center for Biotechnology Information (NCBI)
[16].
• EMBL (Europe): The European site for storage of DNA
sequences is at the European Bioinformatics Institute (EBI)
of the European Molecular Biology Laboratory (EMBL) at
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Fig. 1. Bioinformatics as a multidisciplinary science.

Hinxton, United Kingdom [17].
• DDBJ (Japan): The DNA Data Bank of Japan (DDBJ) is
also one of the major locations for storing DNA data in
the world [18].
2.1. Protein databases
In a historical point of view the first complete sequence
to be found was insulin [19] and the first complete enzyme
sequence to be found was ribonuclease [20]. By 1965 only
20 proteins were sequenced, but today we have more 500000
protein sequences available in the Swiss-Prot protein sequence database [21]. Sequence databases, such as SwissProt + TrEMBL [22] and PIR-PSD [23], coexisted as protein
databases with differing sequence coverage and annotation
priorities. In 2002, the Swiss-Prot + TrEMBL groups at the
SIB (Swiss Institute of Bioinformatics) and EBI (European
Bioinformatics Institute) and the PIR (Protein Information
Resource) group at Georgetown University Medical Center
and National Biomedical Research Foundation joined forces
as the UniProt consortium [24].
The UniProt consortium maintains three database layers:
The UniProt Archive (UniParc) which is said to provide
a stable, comprehensive, non-redundant sequence collection
by storing the complete body of publicly available protein
sequence data [25]. Although most protein sequence data
are derived from the translation of DDBJ/EMBL/GenBank
sequences, primary protein sequence data are also submitted
directly to UniProt or appear in patent applications or in
entries from the Protein Data Bank (PDB) [26]. The UniParc
is designed to capture all available protein sequence data—
not just from the forementioned databases, but also from
sources such as Ensembl [27], RefSeq [28], FlyBase [29] and
WormBase [30]. This combination of sources is said to make
UniParc the most comprehensive publicly accessible, non-redundant protein sequence database available.
The UniProt Knowledgebase (UniProt) provides the central database of protein sequences with accurate, consistent
and rich sequence and functional annotation. The UniProt
Knowledgebase merges Swiss-Prot, TrEMBL and PIR-PSD to
provide a central database of protein sequences with annotations and functional information.
The UniProt Reference (UniRef) databases provide
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Table 1. A list of major protein databases.

non-redundant data collections based on the UniProt Knowledgebase and UniParc in order to obtain complete coverage
of sequence space.
Automatic procedures have been developed to create three
UniRef databases, such as UniRef100, UniRef90 and UniRef50, from the UniProt Knowledgebase and UniParc as
representative protein sequence databases, with high information content. The database provides complete coverage of
sequence space while hiding redundant sequences from view.
The non-redundancy facilitates sequence merging in the
UniProt Knowledgebase (based on UniRef100) and allows
faster sequence similarity searches (by using UniRef90 and
UniRef50). There are many other protein databases available
worldwide, for a comprehensive overview see Minuchehr
and Goliaei [31], Table 1 lists some major protein databases
and their URL.
3. Protein sequence analysis
Much more protein sequences are determined compared to
protein structures in a daily manner (UniProtKB/Swiss-Prot
Release of 2016_07 included 551705 entries), 3-D structure
of proteins (PDB Holdings List: 2016_07 included 121654
macromolecule entries) is significantly much more difficult
to determine. We should value the amino acid sequence of
proteins in determining the overall fold of proteins as mentioned earlier but the relationship between sequence and
structure is only partially yet understood [32]. Protein propensities remain excellent descriptors of amino acid tendencies to belong to different secondary structures, alpha helices,
beta strands, loops and turns. Examining the frequency of

occurrence of different amino acids in protein secondary
structures may give us an insight into the prediction of the
three dimensional fold of the proteins or even de-novo design of a desired fold. Studies have been conducted on preferences of amino acids in different secondary structures
residues. There has been seen that alanine, glutamate and
leucine tend to be present in alpha helices whereas valine
and isoleucine tend to be present in strands, valine and isoleucine tend to destabilize alpha helices due to the steric
clashes in the branching at beta carbon atom, but they are at
the same time abundant in beta strands. Since studying the
propensity of amino acids in different secondary structures
is an important task to perform, as the protein data bank
tends to grow, scientists have performed more specific studies on the propensity of amino acids in different positions in
the secondary structures such as alpha helices [33-35] and
less extensively on beta strands [36, 37]. Loops are also of
functional importance in biology and may have key roles in
recognition (antibody hyper variable loops); ligand binding
(e.g. Triosphosphate isomerase [38]) or forming enzyme active sites (e.g. Serine protease, [39]). It has been known that
loops are the most difficult structures of globular proteins
to be modeled [40] The most successful modeling occurs
when loops from homologous structures are available [41].
Besides, we can define loops as segments that do not correspond to alpha-helical or beta-strand secondary structures.
There have been many attempts to classify loops, particularly
Strand-Loop-Strand classes [42-44]. different studies have
thus far tried to predict these particular structures [45-47]
and many scientists have calculated the amino acid propensities in different secondary structures [35, 48-50], but there
is very little work done on loop regions [51].
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4. Bioinformatics tools
A wide range of tools are needed to deal with large amount
of data being generated due to the Human Genome Project and related biological projects worldwide. A number of
tools have been developed to extract knowledge from the
rich and complex data available. Here we describe some of
the commonly used bioinformatics methods and tools and
include examples of their applications.
4.1. Alignment similarity search tools
4.1.1. FASTA
FASTA (pronounced FAST-Aye) stands for FAST-All, is a
program for rapid alignment of pairs of protein and DNA
sequences. This program achieves a high level of sensitivity
for similarity searching at high speed. The high speed of this
program is achieved by using the observed pattern of word
hits called k-tuples which the trade-off between speed and
sensitivity is controlled by this parameter [9, 52]. Increasing
the k-tuple decreases the number of background hits. FASTA
is useful for database searches of different types.
4.1.2. Blast
BLAST stands for Basic Local Alignment Search Tool. This
tool finds the regions of sequence similarity and compares a
new sequence to sequences which are already deposited to
sequence databases. The blast algorithm was developed in a
way to be faster than FASTA. Access to this system is possible
through https://blast.ncbi.nlm.nih.gov/Blast.cgi [11].
4.1.3. Clustal omega
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/)
is the latest version of Clustal family that uses seeded guide
trees and HMM profile-profile techniques. This program can
generate alignments between hundreds of thousands of sequences in a superior quality and increased scalability over
previous versions. Clustal Omega also has powerful features
such as adding sequences to and exploiting information in
existing alignments and applying precomputed HMMs from
public databases like Pfam [53].
4.2. Molecule structure visualization tools
Molecular structure viewers usually show molecules (PDB
files) in different shapes such as wireframe of carbon alpha
backbone; space-filling and secondary structure ribbon.
There are many viewers developed for this purpose, we here
mention some most popular ones and the URL to access
them via internet.
4.2.1. CN3D
This program provides the three dimensional structure from
Entrez. Cn3D is a helper application for the web browser

37

that allows viewing three dimensional structures from NCBI’s Entrez retrieval service [54] Cn3D simultaneously displays structure, sequence, and alignment, it also allows the
user to set display styles for features of interest. The program
URL is: http://www.ncbi.nlm.nih.gov/Structure/CN3D/
cn3d.shtml.
4.2.2. Protein explorer
This program is an easy way to visualize macromolecular
structures. Protein Explorer (PE) is built upon Chime a molecular graphics browser which is free [55]. PE is free and
can operate on Windows, Macintosh computers and Linux
or SGI/Irix platforms. In order to download and use Protein Explorer you can go to http://www.umass.edu/microbio/
chime/pe/protexpl/frntdoor.htm.
4.2.3. Rasmol
This viewer is the most commonly used viewer worldwide.
In order to access the program you should use http://www.
umass.edu/microbio/rasmol/. Rasmol is a molecular graphics program for visualizing proteins, nucleic acids and small
molecules [56]. Rasmol reads a number of file formats. Currently supported file formats are Brookhaven Protein Databank (PDB), Molecular Design Limited (MDL), Mol file
format and many other formats. The molecules can be seen
as wireframe, cylinder, spacefilling (CPK), ribbons and dot
surface. This program can run on a wide range of systems including SGI, Sun, DEC, IBM RS/6000, Microsoft Windows,
Apple Macintosh and Linux.
4.2.4. Swiss-PdbViewer
This program can be accessed viahttp://spdbv.vital-it.ch/. In
addition to showing the molecule the program calculates angels and distances [57]. This application can allow analyzing
many proteins at the same time and can also read electron
density maps. The latest stable version of the program is 4.1
and is available for Mac, PC, SGI and Linux.
5. Evolution of bioinformatics software’s and resources
In order to understand the cell machinery, identifying the
proteins and their function would not be enough. Interactions between proteins or protein-protein interactions are
crucial in understanding the role of the cell in its different
biological functions [22]. Therefore many bioinformatics
software’s and resources have been merged to fulfill such
needs. There are many bioinformatics tools developed by
bioinformaticians to use the rapidly growing pool of molecular biology data.
For this purpose there are systems designed to integrate biological tools and data, experts divide these systems into two
groups [58].
1 Systems based on a centralization or data warehousing
strategy
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2 Systems based on a federated or distributed strategy
Centralization has many benefits; the most important one
is speed. Centralized strategy is the only realistic option; this
is because tools can fetch data much faster from a local hard
drive than from a source on the internet. There are also other
benefits that locally installed tools have more control over
updating processes.
Using the federated strategy maintenance, money is saved
and the data and tools are accessed remotely. HTML web
interfaces were widely used for bioinformatics purposes but
are not suitable for programmatic access. Therefore, XML
(eXtensible Mark-up Language) was designed to overcome
the limitations of HTML for bioinformatics. XML is used for
data description, service description and service discovery.
The standards are, Simple Object Access Protocol (SOAP)
which uses XML to create messaging framework that can exchange data over underlying protocols (http://www.w3.org/
TR/soap/). Web Services Description Language (WSDL) an
XML format for describing network services (http://www.
w3.org/TR/wsdl), Universal Description Discovery and Integration protocol (UDDI) a standard to create service directories (http://www.uddi.org) that enable applications to
dynamically find the use of web services. SOAP has already
gained a dominant position in the bioinformatics community and services are now available such as Distributed Annotation System (DAS), (http://biodas.org) [59]. This software provides access to complete genome annotations using
a SOAP web interface. Another service available is Pathway
Database System and KEGG API which provide access to
pathways using SOAP web interface [60]. PDBML [61] is
an XML-based service for PDB data, xPSSSS is a tool which
provides a SOAP based service to retrieve PDBML. XEMBL is another service in EBI [62]. There are several other
services such as MAGE-ML [63], AGML [64], Jemboss [65]
which all use SOAP as their web interface. There are also
many bioinformatics projects based on these services such as
BIOMOBY [66] myGrid [67], Discovery Net68 and caCore
[69].
Although many bioinformatics projects and tools are available, it is not always easy to find the relevant ones. Searching
the web using general search engines such as Google, Yahoo,
AltaVista, etc. cannot always help you in finding the appropriate tool for your purpose. There are many bioinformatics
resources which you can use in finding the best available research tool [70].
6. Next generation sequencing (NGS)
Next generation sequencing or NGS is a newly developed
technique for sequencing. It is also called high throughput
sequencing as well, there are different kinds of NGS depending on the company in which it is developed such as Illumina sequencing, Roche 454 sequencing, Ion DNA nanoball
sequencing, Ion torrent sequencing, SOLiD sequencing and
Heliscope single molecule sequencing. NGS allows RNA and
DNA to be sequenced more rapidly and much cheaper and
has revolutionized the molecular biology studies worldwide.

NGS technology is playing a crucial role in today’s approach
in personalized medicine despite its young age. The mechanisms of complex diseases such as heart diseases, diabetes,
neurological disorders and cancer can be identified using
NGS technologies, these mechanisms include; genetics variations, post translational modification variations, epigenetic
variation, single nucleotide variations (SNVs) and indel mutations. NGS methods have made genomics one of the first
scientific areas entering Big Data era.
7. Systems biology
Systems biology is an interdisciplinary field of study closely
related to bioinformatics sometimes said to be a branch of
it which models biological systems using mathematical and
computational approaches and is a systemic thinking and
solving biological problems. Systems biology and bioinformatics are the key elements of modern biology and medical sciences. Systems biology as a whole combines the wet
lab concept with computational modeling of the biological
processes in our body, studying complex diseases and their
mechanisms which require an integrated and multidisciplinary approach.
Since human is a very complex system, progress towards
understanding diseases is a very difficult task to perform [71]
and therefore systems biology is a concept to recognize the
emergent properties of life.
The platforms of the systems level analysis of biology are
generally referred to as OMICS such as; Genomics [72],
Proteomics [73], Transcriptomics [74], Metabolomics [75],
Lipidomics [76] etc. approaches, in which they all have applications in the study of life complex systems, drug discovery
and generation of a deeper insight into the biological causes of diseases. Network biology has generated much more
knowledge than gene expression individual studies, yielding
us to personalized medicine. Systems biology approaches in
drug discovery both increases the drug efficiency and decreases its side effects [77], therefore systems biology now a
days has been a center of attention in bioinformatics.
8. Bioinformatics journals
If you are interested in reading new articles in bioinformatics or even interested in writing papers in the field of
computational biology and bioinformatics you can find some
useful journals and their related links in Table 2.
At the end we should mention that the application of bioinformatics as a science has been reviewed in different aspects
such as functional genomics [78], nanobiosciences [79],
proteomics [80], cellular signaling [81], regulatory elements
identification [82], alternative splicing [83], and even industry [84] which could be of special interest for scientists in
different fields.
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Table 2. Highly impacted journals in bioinfomatics.
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