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ABSTRACT

Over the years the identification of one gene or protein has been substituted by the determination, in a single
experiment, of all the genes or proteins expressed in a given cellular state. Consequently, the amount of available
data has increased considerably. In this scenario, bioinformatics has become the bridge between experimental data
and computational tasks for managing, mining and retrieving information. The current paper provides an overview
on the bioinformatic databases and software used to analyze the biological meaning of proteomic data, thus
describing the main functions and limitations of these tools. The important challenges of data analysis are mainly
related to the integration of biological information from dissimilar sources. In this field, the improvement in data-
bases and developments in software in the future would contribute to the potential opportunities given by proteomics.
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RESUMEN

Herramientas informaticas para el andlisis de datos en proteémica: una perspectiva. La posibilidad de
identificar todos los genes o proteinas expresados en un determinado estado celular ha incrementado
considerablemente la cantidad de datos disponibles. Por tanto, la bioinformatica se ha convertido en un puente
que media entre los datos experimentales y las tareas computacionales de gestién, mineria y recuperacién de
informacién. En este articulo se mencionan algunas bases de datos y programas bioinformaticos que se utilizan en
la interpretacion biolégica de los datos obtenidos en experimentos de proteémica. Acerca de estas herramientas se
describen sus principales funcionalidades y limitaciones. Los retos actuales del andlisis de datos estan relacionados
principalmente con la integraciéon de informacién biolégica a partir de diferentes fuentes. En este sentido, deben
desarrollarse nuevas bases de datos y programas, que en su conjunto contribuyan a lograr las oportunidades

potenciales que ofrece la proteémica.
Palabras clave: Andlisis de datos proteémicos, biologia de sistemas, bioinformatica, bases de datos biolégicas

Introduction

Scientific research has changed in recent years mainly
due to the completion of numerous genomes in addition
to the developmentand application of high-throughput
technologies including gene expression microarrays and
mass spectrometry. The identification of all expressed
gene transcripts, proteins, or metabolites, termed the
transcriptome, proteome and metabolome, respectively
[1], has imposed new challenges because of the large
amount of data that needs a comprehensive analysis,
but at the same time it has also brought about new and
increasing opportunities to enhance the knowledge on
biological systems as a whole.

Nevertheless, the identification and quantification
of proteins or gene transcripts separately is not enough
to fully understand functional changes in a given cellular
state. For this, research at different levels and also the
integration of different types of information is required.
In this sense a new discipline, known as systems biology
has evolved. It combines experimental approaches with
computational biology to help understand the biological
phenomena on a global scale [2].

Proteins are the main catalysts, structural elements,
signaling messengers and molecular machines of a cell,
which is a strong argument to support the advantages
and importance of directly analyzing proteins.
Proteomics is defined as the large scale identification
and functional characterization of all expressed proteins
in a given cell (in a given state), including all protein
isoforms and modifications, protein interaction
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networks, protein structure determination and high-
order complexes of proteins [3]. An important progress
in proteomics has been achieved by the introduction
of powerful new technologies and high throughput
experiments. Several reviews address the advancing
technology available for proteomic studies [3-6].
Specifically, an analysis starting with proteomic
data and taking into account the integration needed to
understand the system is what we name a post-
proteomic study. Based on the principles of systems
biology, this type of study is an important complement
to achieve the goals of any proteomic research. During
a post-proteomic analysis, bioinformatic tools such
as databases and software are indispensable (Figure
1). It is beyond the scope of this review to describe all
the databases or software available for data analysis
or to give a methodology for interpreting proteomic
data; first of all, because biological data are distributed
in a large number of databases that can not be described
in a single paper. Also a post-proteomic methodology
must be based on an investigation hypothesis and the
questions that must be answered in each study. In any
case, to discover new drug targets, predict the potential
toxicity of drugs, propose disease biomarkers or in
general to understand any biological process, some
basic points must be followed. This paper, therefore,
mentions those aspects which are the core of a post-
proteomic study and gives an overview of the tools
that can be used to meet these general objectives,
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Figure 1. During a post-proteomic analysis, the combination of different data sources and the application of other bioinformatic

tools enable the integration among different biological levels.

although these tools are not limited to proteomic
studies and can clearly be used in any kind of data
analysis. Finally the basic limitations and future
developments in the field are pointed out.

Post-proteomic tools: databases and
bioinformatic software

Beginning with essential databases

The final goal of a post-proteomic study determines
which databases should be used. For example, in
cancer projects, to identify proteins that might be
biomarkers of anti-cancer drugs a direct correlation
between the differential expression profiles of the
potential biomarkers and drug action is essential. To
know if the proteins have been previously identified
in cancer samples, an initial resource could be the
Oncomine database which contains a collection of
cancer gene expression profiles [7]. However these
results must be analyzed carefully because expression
changes at transcript and protein level may not
always be correlated [8]. To identify potential cancer
targets besides using Oncomine, Cosmic database also
has valuable information. This resource stores data
on somatic mutations in different cancer types [9].
Also toxic effects of new drugs could be predicted if
proteomic results are related to adverse reactions of
known drugs. In this sense, even if the project is not
related with cancer, the molecular bases of drug action
could be studied using the SuperTarget database
which contains drug-related information such as
targets, pathways affected and adverse effects [10].
In proteomic studies of diseases caused by
microorganisms, such as those intended to identify
targets or understand the molecular basis of the
infection, the Comprehensive Microbial Resource
(CMR) could be used. This resource has information
on complete prokaryotic genomes and enables their
comparison [11]. Thus CMR makes it possible to
compare different microorganism genomes to find
the genes coding homologous proteins. Those
proteins must be the targets of an anti-microbial drug
to ensure a wide spectrum of action. Also putative
targets must be essential in the survival of the
pathogen, and highly divergent from human genes.
A final example is the HIV-1 - Human Protein
Interaction database, which is helpful to understand
the processes of HIV-1 (human immunodeficiency
virus type 1) replication and pathogenesis at a
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proteomic level [12]. Other protein interaction
databases will be dealt with later.

In any post-proteomic project, however, it is
important to know basic, but essential, information
on the experimentally identified proteins. For example:
Which are the coding genes? How are they regulated?
How do post-translational modifications affect protein
function? Is the protein related to any disease? The
answers to these questions are in databases such as
Uniprot, EntrezGene and OMIM (Table 1, Figure 2).
This step is the core of the analysis and could become
a bottleneck if the dataset is from a large-scale
experiment. At this point a bioinformatic procedure,
for automatic searches in these databases and for
saving the results for their subsequent analysis, is an
advantage for finding relevant information.

Proteins can be grouped according to their molecular
function or biological process. A convenient classi-
fication system is obtained from the Gene Ontology
(GO) database, which has a defined and controlled
vocabulary to describe the roles of genes and gene
products in any organism (Table 1, Figure 2). Three
independent ontologies are accessible: biological
process, molecular function and cellular component [13].
Biological process refers to a biological objective to
which the gene or gene product contributes. It is
accomplished via one or more ordered assemblies of
molecular functions. Thus, the molecular function is

Table1. Databases of proteins and genes
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DB name Descripfion Reference URL AV CV
X Curated protein sequence [14] Yes No
UniProt database with a minimal level of http://br.expasy. org/ sprot/
Knowledgebase  redyndancy and a high level of
infegration with other databases
NCBI database with gene specific [15] Yes No
information and links tfo citations http://www.ncbi. nlm.nih.g
Entrez Gene and to external database oV/ entrez/query fcgi2db=
gene
Catalog of human genes and hitp://www.ncbi.nlim.nih.g  Yes No
OMIM genetic disorders that focus oVv/ entrez/query fcgi2db=
Online primarily on inherited or heritable ~ OMIM
Mendelian genetic diseases. It contains
Inherita . textual information, references
" |;:Aan\ce " and links to MEDLINE and
sequence records in the Entrez
system of NCBI
Provides a controlled vocabulary [13] Yes No
Gene Ontology ~ fo describe gene and gene http://www.ge neontology.
product atiributes in any organism  org/

NCBI: National Center for Biotechnology Information, DB: Databases, A_V: Academic Version, C_V: Commercial

Version

Biotecnologia Aplicada 2008; Vol.25, No.4


http://www.ncbi.nlm.nih.gov/RefSeq/HIVInteractions/2008
http://br.expasy.org/sprot/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM
http://www.geneontology.org/

Arielis Rodriguez-Ulloa y Rolando Rodriguez

Bioinformatic tools for proteomic data analysis

Swissprot \\.

«Coding gene
© Protein name and synonyms

Entrez Gene

* Function
e Enzymatic reaction «Gene name and synonyms
* Subunits  Function description

« Function related articles
* Genomic context

e Transcripts

e Links to other databases

N

o Protein family

 Tissue specificity
 Post-translational modifications
e Links to other databases

Gene Ontology

OMIM

eGene structure

e Biochemical features
e Gene function

« Related diseases

eMolecular function
-RNA binding
-transcription activity
 Biological process
-ribosome assembly
-anti-apoptosis

e Cellular localization
-nucleolus

Figure 2. Databases that can be consulted not only during
post-proteomic analysis but also in any kind of data analysis
project. Shown in each case is some of the information that
can be retrieved, specifically each category of Gene Ontology
that is exemplified with associated terms. These databases
have links between them and although any database could be
the starting point in the analysis, a possible workflow is
depicted with arrows.

defined as the biochemical activity (including specific
binding to ligands or structures) of a gene product.
Finally, the cellular component refers to the location in
the cell where a gene product is active. To facilitate the
identification of GO terms associated with the
experimental data, tools such as Golem and GOtreePlus
are available [16, 17]. Golem is independent of the
operating system while GOtreePlus is only available
for Windows users.

Protein interaction databases

Protein-protein interactions are necessary for almost all
cellular functions [18]. To determine protein interactions,
experimental methods have been used such as the yeast
2 hybrid screen test [19], co-occurrence under specific
conditions of gene expression [20], co-immuno-
precipitation of protein complexes [21], and tandem
affinity purification [22, 23]. The interactions supported
by experimental evidence are included directly in the
databases or incorporated from the literature into
repositories through the curation of biologists.

Repositories of protein interactions from different
organisms are available in databases such as DIP,
BIND, Intact and MINT (Table 2). Furthermore, the
MIPS database can be used for mammalian protein
interactions (Table 2). There are also specific databases
for the analysis of human protein interactions, for
example HPRD and HomoMINT (Table 2).

HPRD, besides protein interactions, also provides
information on: protein isoforms, domain architecture,
protein functions, post-translational modifications, sub-
cellular localization and tissue expression [24]. It also
includes a tool called PhosphoMotif Finder, which
searches the presence of any of the more than 320
phosphorylation motifs, taken from the literature, in
proteins sequences [25]. On the other hand, HomoMINT
contains interactions obtained by transferring the
experimental interaction annotation from the proteome
of model organisms, such as Saccharomyces cerevisiae
and Drosophila melanogaster, to the corresponding
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orthologous human proteins [26]. Since it is not clear
what percentage of the protein-protein interactions is
conserved through evolution [27], HomoMINT should
be considered carefully only as a resource of hypothetical
interactions. The STRING database also contains
annotations of protein-protein interactions inferred by
data obtained in other organisms in which there are
homologous protein pairs that interact [28] (Table 2).
Thus, HomoMINT and STRING could be considered
general exploratory resources. They are best used for a
quick initial overview ofthe functional partners of a query
protein, especially for non-characterized proteins.

The protein interaction databases cited in this paper
have been previously compared except for STRING
and HomoMINT. Although they overlap well at the
protein level, the protein-protein interaction data do
not overlap as much [29]. For example protein
overlapping between BIND (3887 proteins) and IntAct
(4614 proteins) is 1969 but the overlap at the protein-
protein interaction level is of only 1167 (the figures
refer to the date of Mathivanan’s study, October 2006)
[29]. Therefore, the information from these databases
complement each other and together they can increase
and improve our knowledge on interactome networks.

Efforts have been made, in recent years, to integrate in
one place the data contained in different databases. Two
recent approaches are APID (Agile Protein Interaction
Data Analyzer) and MIMI (Michigan Molecular
Interactions). APID integrates data from five main source
databases: BIND, DIP, HPRD, IntAct and MINT [30],
while MIMI includes the rest of these source databases
except for MINT [31]. Moreover MIMI has other
interaction sources such as the General Repository for
Interaction Datasets (BioGrid) [32]. Data from both
databases can be retrieved, visualized and handled with
Cytoscape plugins. However the APID plugin, named
APID2NET, has additional functions compared to the
MIMI plugin. In a network constructed with APID2NET
the proteins can be highlighted according to their related
families or GO terms (Figure 3).

The distribution of interaction partners differs across
different databases [29]. A thoroughly studied human
protein such as caspase 3 (CASP3) has 126 protein
interaction partners annotated in HPRD, while MINT,
DIP and IntAct just contain 11, 0 and 4 interactions,
respectively. Often only one isoform is annotated in
databases as interacting although there is no evidence
that the interaction is specific to that isoform [29], as
expressed by Mathivanan et al., most of the interaction
databases are still at an early stage of curation and
annotation of published protein-protein interactions.
Therefore, reference articles are needed to validate the
analyzed data, which is essential during a post-
proteomic analysis, to be able to understand the
functional relevance of the interactions. Moreover,
published papers are a source of up-to-date information
which is frequently not found in databases. But papers
in this field grow exponentially. In fact, a concern of the
scientific community is how to overcome the
overwhelming amount of available information.

Searching information with text mining tools

Text mining algorithms have been used to find co-
occurrence, and therefore the association of gene or
protein names in the same text. For example, Natural
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Table 2. Protein interactions databases. In each case, besides the description, we point out the additional information that can be found in these
databases and if an interaction network representation is available. (DB: Databases, Int_Netw: Interaction Network, A_V: Academic Version, C_V:

Commercial Version)

DB name Description Int N e1w. Reference URL AV CcVv
representation
DIP Experimentally determined protein-protein interactions. (33]
Databas e of Interacting Gives the position of an interaction in a pathway and specific post- . wr
Proteins translational modifications Available ::E {,/cﬂ:péj?;- Yes Yes
Molecular interadions (protein-protein, protein-nucleic acd, protein-
Biorf\:)Tel?ylar small molecule) derived from the literature and experimental datasets. elzgrfeﬂzwn%y‘s/i:ﬁ:ﬁ:d L::L] //www.bind.c Yes Yes
Interadiion Database Also has information on protein complexes and pathways in Cytoscape a
Interactions are derived from literature curation or direct user . [35]
Intact submissions. Interacting domains and experimental method used are :‘Vc;;ﬁ:nfsh;?:\%: 10P:‘ed http://www .ebi.ac. Yes No
also annotated pRiice ! uk/intact /site /inde
Hierarch View xis
Mammalian protein-protein interactions extracted manually from
MIPS sdentific literature. Data from mass s pecirometry and yeast-two-hybrid
Munich Information studies are notinduded. Gives the probable binding regions of [36]
Center for Protein interading partners, the functional role of the interaction and access to - htto://mi fde/ Yes No
Sequences mammalian protein complexes database (MPCDB) p://mips.gst.de,
Human protein-protein interactions annotated manually from the
HPRD literature or by bioinformatic andlysis of the protein sequences. Indicates [24]
Human Protein the type of experiment as: in vitro, in vivo or yeast-two-hybrid. http://www.hprd.o Y N
Reference Database Link to GenProt Viewer (makes it possible to visualize the protein - rg/ es °
information inthe context of the related gene)
STRING . . . . .
s h Known and predicted protein-protein interactions derived from 4 sources:
earch Tool for the et H O
Retrieval of Inferadiing predictions based on genomic context analysis, high-throughput . [28] )
G / experimental data, co-expression experiments, and mining of databases Available http://string.embl. Yes Yes
enes and the literature de/
Proteins
Experimentally verified protein interactions mined from scienfific
literature by expert curators
HomoMINT contains inferred interactions between human proteins. .
MINT Contains interact ionrseigri\;glsvianr?dnncin-prcn:rc:inm::mises such as promoter Avan%%ﬁ_f\l}\;’:wugr\ﬂ\e L?;Zp]://mintbio.uni Vs No
Molecular Interaction Gives information on kinetics, binding constants and interaction of Data igng;):(ypoﬁed 2;021122&|;/m|m/Wel

participating domains
Separate annotation of human protein interactions in HomoMINT.

Language Processing (NLP) is an algorithm used for
the automated mining of abstracts and titles from
Pubmed articles [38]. The information extraction
technology was used to search sentences in Medline
abstracts that support previously known interactions
annotated in the DIP database. Correspondence
between DIP protein pairs and Medline sentences
describing their interactions was found in only 30%
of the cases [39]. Nevertheless, the information
extraction system has the ability to identify new
relations between proteins [39, 40]. Once again this
example illustrates the importance of using information
contained in published papers.

A NLP-based text-mining approach is Chilibot (chip
literature robot). This software queries the Pubmed
database and retrieves content-rich relationship
networks among biological concepts, genes, proteins,
or drugs [41]. An additional advantage of this web
tool is that of the characterization of each molecular
relationship as inhibition or stimulation, and based on
directionality (Figure 4).

Another tool for retrieving the information contained
in Pubmed is iHop (Information Hyperlinked over
Proteins), a literature network developed using genes
and proteins as hyperlinks between sentences and
abstracts [42]. Besides literature information, iHop also
contains interactions collected from external resources
(e.g. large-scale experimental data), protein homologues
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and links to external resources (e.g. UniProt, NCBI,
OMIM) [42]. The visualization system is user-friendly
because within the references, which are ranked
according to their significance, important expressions
such as diseases, biological processes or other proteins,
are highlighted in different colors.

Text mining algorithms have been improved using
field specific synonym dictionaries, longer word strings
for search, full text articles for queries and statistical
methods [38]. Nevertheless, although the approach
accelerates the discovery of relevant information, the
reliability of the results is less than that achieved by a
curator who examines each paper [38].

Biological pathways: Building blocks of
functions

The integration of biochemical properties of proteins
is represented in biological pathways. Therefore, in a
post-proteomic study, pathway analysis is an essential
step for the systematic understanding of cellular
activities.

About 240 biological pathway resources are
contained in the meta-database Pathguide [43, 44].
Some metabolic and signaling pathways databases
are iPath, Reactome, and Protein Lounge (Table 3).
iPath is an online resource with only hundreds of
human pathways. But Reactome, in addition to
curated human events, has inferred orthologous
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Figure 3. Protein-protein interaction network constructed in Cytoscape with the plugins: A-) APID2NET and B-) MIMI. In the
network created with APID2NET (A) the nodes are highlighted according to the molecular function annotated in the Gene
Ontology database. This functionality is not available with the MIMI plugin. Although most of the interactions are common in APID
and MIMI, some interactions are only annotated in one of these integrative databases (represented with arrows on the nodes)

events in 22 non-human species, including Mus
musculus, Rattus novergicus, Escherichia coli, D.
melanogaster and S. cereviseae [45]. Moreover
Reactome can be downloaded and has a tool, named:
Skypainter, which is useful for determining
statistically over-represented events (reactions and/
or pathways) in a set of genes or protein identifiers
[46]. On the other hand, Protein Lounge is a
commercial package that is not available for the
academic community. A similar alternative is the
free database BioCarta (Table 3), which has useful
information to understand the biological processes
represented in the pathway maps.

Perhaps one of the most popular pathway
databases is provided by the Kyoto Encyclopedia of
Genes and Genomes (KEGG). KEGG is an integrated
resource with four main databases categorized as:
building blocks in the genomic space (Gene database)
and in the chemical space (Ligand database), diagrams
in the network space (Pathway database) and
ontologies for pathway reconstruction (Brite database)
[47]. Specifically, the Pathway database is a collection
of manually drawn diagrams called the KEGG reference
pathway diagrams (maps) [48] (Table 3). With these
reference maps organism-specific pathways are
automatically generated by coloring the genes of the
given organisms [48].

Another repository of pathways involved in both
primary and secondary metabolism is MetaCyc
(Table 3). This database also stores review-level
comments as well as enzyme information, which
include substrate specificity, kinetic properties,
activators, inhibitors, co-factor requirements and
links to sequence and structure databases [49]. Most
of the pathways described in MetaCyc occur in
microorganisms and plants, although animal
pathways are also represented [50].
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Cellular behavior and organization are determined
by the “cross-talk” among different pathways. In this
sense, visualizing all the pathways associated with
the experimental data in one framework facilitates the
study of biological systems. Usually this type of
analysis is not available through pathway databases.
Software on biological networks are recommended to
overcome this limitation.

Biological networks: interrelating pathways

Different types of biological networks, such as: protein-
protein interaction, metabolic or gene regulatory
networks can be reconstructed based on previous
knowledge. In general, biological networks have

TRAF2
LAMCI ’ \

‘ METASTASIS k

~— =

pgeedl

38. Chaussabel D. Biomedical literature
mining: challenges and solutions in the
‘omics’ era. American Journal of Phar-
macogenomics 2002;4:383-93.

39. Blaschke C, Valencia A. Can biblio-
graphic pointers for known biological
data be found automatically? Protein
interactions as a case study. Comparative
and Functional Genomics 2001;2:196-
206.

40. Santos C, Eggle D, States D. Wnt
pathway curation using automated
natural language processing: combining
statistical methods with partial and full
parse for knowledge extraction. Bioinfor-
matics 2005;21:1653-8.

Legend
Queried terms

Interactive relationship (stimulative)
Interactive relationship (inhibitory)
Interactive relationship (neutral)
Non-interactive relationship

Figure 4. Biological map constructed by Chilibot. Chilibot queried the entire PubMed abstract database to
identify relationships between a biological concept («<metastasis») and a set of genes reported to be up-
(TRAF2-TNF receptor-associated factor 2-, LAMC1 -Laminin subunit ggmma 1-) and down-regulated
(ATF3-Cyclic AMP-dependent transcription factor ATF-3-) in metastatic prostate cancer compared to
localized prostate cancer [51]. Papers retrieved indicate that TRAF2 stimulates the process of metastasis,
while ATF3 has an inhibitory relationship. The number within the icon of each line indicates the number
of abstracts retrieved that document that relationship. The arrows indicate the direction of the
interaction. The colors green or red of the rectangular nodes represent up- or down-regulation of the
genes, respectively, based on experimental data provided by the user. Nodes with no expression values
(e.g., metastasis) are in cyan. The terms and icons are linked to documentation when viewed in a web-

browser.
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Table 3. Databases of biological pathways.

Database name

D escription

Reference
URL

iPath

REACTOME

Protein Lounge

BioCarta

KEGG Pathway

MetsCyc

Collection of 225 human biological signaling and
metabolic pathways covering over 2 700 distinct
genes/proteins

Database with human biological processes curated
from the literature, includes significant comments
and literature citations

Contain the Pathway Database, a collection of
metabolic and signaling pathways available for
many organisms. References and information on the
pathways and the related proteins are included in
the database

Maps and summarizes biological processes. The
online maps are dynamic graphical modek that
provide informationfor over 120000 genes from
multiple species

Contains pathways maps of metabolism, genetic
information processing, environmental information
processing, cellular processes, human diseases and
drug development

Contains experimentally verified pathways and
enzyme information curated from the scientific

http: //www .invitrogen.com/ipath

[45] http://www.reactome.org/

http://www .proteinlounge .com/

http: //www .biocarta.com/genes/i
ndex.asp

[47] http://www.genome .jp/ke gg/

[50] http://metacyc.org

Yes

Yes

Yes

Yes

No

No

literature

DB: Databases, A_V: Academic Version, C_V: CommercialVersion

emergent properties generated by the interaction of their
components. They also have a scale-free and modular
organization. In scale-free networks the degree of
distribution (number of links per node) follows a
power-law, which means that only a small number of
nodes, called hubs, are highly connected [52]. Hubs
usually play essential roles in biological systems [53].
On the other hand, groups of proteins with similar
functions tend to form clusters or modules in the
network architecture [54]. These structural features
contribute to the robustness of the biological system
and may explain the fact that many drug candidates are
ineffective or show unexpected severe side effects. At

Table 4. Software for network analysis.

the same time it highlights why a post-proteomic study
data must be also analyzed from a network perspective.

Ingenuity Pathway Analysis, MetaCore and
PathwayStudio are commercial software designed to
visualize high-throughput data in the context of
biological networks (Table 4). In addition, Ingenuity
Pathway Analysis and MetaCore identify the most
relevant functions and pathways represented in
experimental gene or proteins datasets. Both
applications make use of manually curated databases,
Ingenuity Pathways Knowledge Base and MetaBase
respectively (Table 4). The former is a mammalian
network database while the latter has only human

41. Chen H, Sharp BM. Content-rich
biological network constructed by mining
PubMed abstracts. BMC Bioinformatics
2004;5:147.

42. Hoffmann R, Valencia A. A gene
network for navigating the literature. Nat
Genet 2004;36:664.

43. Bader GD, Cary MP, Sander C.
Pathguide: a pathway resource list.
Nucleic Acids Res 2006;34:D504-6.

Software Description Reference URL AV cVv
Based on Ingenuity Pathways Knowledge Base, database of biological networks created
Ingenuity from millions of relationships, between proteins, genes, complexes, cells, fissues, drugs,
Pathway Andlysis  and diseases, exracted manually from the literature http: //www.ingenuity.com/ No Yes
Web access.
Developed by Ingenuity Systems Inc
Integrated software suite based on the content of MetaBase, a manually curated database
of human protein-protein and protein-DNA interactions, transcriptional fadt ors, signaling,
metabolism and bioactive molecules
MetaCore Includes intuitive tools to visudlize and exchange data, multiple networking algorithms hit p: //www. genego .cony No Yes
and in silico filters
Web access and in-house installation
Developed by GeneGo Inc
Comes with ResNet 5 Mammalian database and ResNet Plant database. These databases
are a collection of eukaryotic molecular interadions generated by MedScan Text- to-
PathwayStudi Knowledge Suite using the entire PubMed database and 43 full text journals. it p: // riadnegenomi
athwa © Also works with public databases of signaling and biochemical pathways, ind uding KEGG, p://www.ariadnegenomics.com -\ Yes
BIND and HPRD
De sktop product
Developed by Ariadne Genomics Inc
GenMAPP Archived Maps were drawn based on textbooks, articles and public pathway databases or
Gene Map generated from the public database maintained by the Gene Ontology Project. .
Annotator and Maintains data relevant to various species such as: S cerevisiae, C. elegans, R. novergicus, (55 http://www.genmapp.org/ Yes No
Pathway Profiler  and H. sapiens
Cytoscape Software for integrating biomolecular interaction networks with high-throughput [56] hitp:/) cytoscape.org/ Yes No

expression data and other molecular states into a unified conceptual framework

A_V: Academic Version, C_V: Commercial Version)
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information. Also PathwayStudio (formerly known
as PathwayAssist) is based on a mammalian database,
named: ResNet 5 Mammalian, but in this case it is
generated by the text mining of the Pubmed database
and 43 full text journals (Table 4) [57]. Another version
of ResNet, was simultaneously developed in the same
way, and specifically for plants. With PathwayStudio
it is possible to draw pathway diagrams and
automatically update pathways with newly published
facts. In general these tools are useful to select drug
targets, validate and identify molecular biomarkers for
disease conditions, and propose alternative indications
of approved drugs.

Free software is also available in this field. For
example Pathway Voyager, a flexible approach that
uses the KEGG database to pathway mapping, with
just a few prerequisites, it does not require any
specific hardware (i.e., a background server) or
software (i.e., relational database backbones) [58].
GenMapp also was designed to visualize gene
expression data on maps representing biological
pathways and gene groupings (Table 4). However
GenMapp has more options than Pathway Voyager
since users of this software can modify or design
new pathways and apply complex criteria for
viewing gene expression data on pathways [55].

An additional option is Cytoscape (Table 4), the
core of this software provides basic functionality to
layout and query the networks, to visually integrate
the networks with expression profiles and phenotypes,
and to link the networks with databases of functional
annotations [56]. Furthermore, a variety of external
methods, implemented as plugins, can be used to
construct and analyze the networks [59]. For example,
besides the previously mentioned plugins APID2NET
and MIMI (Figure 3), another resource is a web service
client that downloads interaction data from databases
such as Intact, Pathway Commons and NCBI Entrez
Gene. To analyze the topological parameters of a
network, several plugins such as CentiScape and
Network Analyzer are available. Also, the network
modular organization can be determined with the
NetMach and MCODE plugins. The fact that it is an
open source has determined the development and
improvement of Cytoscape, which is now one of the
most useful software for data analysis.

Limitations and future developments

Until 2006, there were 1357 unique therapeutic drugs
approved; of which 1065, had a known mode of action,
whose action was through only 324 molecular targets
[60]. Historically, due to the tendency to re-use the
same targets and recognized mechanisms the rate of
target innovation (the rate at which drugs against new
targets are launched) has been constant [60]. But the
improvement in technologies and sequenced genomes
are potential advantages to change this trend. The
human genome contains 30 000-35 000 genes with the
potential to synthesize more than 100 000 proteins
[61]. Less than 50% of thes genes can be assigned a
putative biological function on the basis of the sequence
data [61]. In this scenario the challenge is to determine
which proteins might be a viable research target, with
estimates about the number of possible targets ranging
from 600-1500 [62] to 5000-10 000 [63]. In fact today,
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the number of targets available is no longer rate limiting,
actually the real problem is how to select the targets
that are more likely to succeed.

The gene—protein—target—hit paradigm of drug
discovery is now recognized as oversimplified, due to
the complexity of biological systems. Creating an
inventory of genes, proteins and metabolites is
necessary but not sufficient to understand the
integrated roles of genomes, transcriptomes,
proteomes and metabolomes [64]. In any “post-
omic” analysis two essential concepts must be
applied to understand biological functions at a system
level. First, integrate different levels of information
and second, view cells in terms of their underlying
network structure.

The information on a biological entity is distributed
in different databases. Hence, the information retrieval
process from diverse sources is time consuming.
Moreover, current databases are good for the analysis
of a particular protein or small interaction networks,
but they are not as useful for the integration of complex
information on cellular regulation, pathways,
networks, cellular roles and clinical data, and they
lack coordination and the ability to exchange
information between multiple data sources [65]. At
the same time, there is still a need for software that
can integrate a wide array of biological attributes,
including molecular interactions drawn from the
literature and experimental datasets. Therefore, one
necessary step for post-proteomic data analysis will
be the development of bioinformatic toolsto retrieve,
manage and integrate significant biological information
fromdifferent databases.

To analyze data from a network perspective,
software like Ingenuity Pathways Analysis, MetaCore
and PathwayStudio, which work with owner curated
databases, have been created; although their high prices
make them practically unaffordable to the academic
community. A useful alternative is Cytoscape, which,
besides being a tool for the visualization of high-
throughput expression data over networks, it has
functions that analyze properties and the organization
of those networks. However, the networks constructed
with Cytoscape are sometimes liable to show errors.
In this sense efforts must be focused on improving
the quality of the available curated databases and also
to develop integrative knowledge bases that are
especially designed to construct biological networks.
Moreover, in databases it should be mandatory to
annotate only high quality experimental results, a
concern especially associated with high-throughput
outcomes.

The metabolic network is a reliable source of
information, a point for the integration of data from
genomic, proteomic and metabolomic studies and,
moreover, a direct graph in which the down-stream
effects of a perturbation can be predicted. Although the
metabolic network has important features for drug
discovery, its use in this sense, at least in humans, is
very limited [66]. Pathway Voyager and GenMapp are
two platforms used to map data in metabolic pathways
principally derived from the KEGG database. But a
human metabolic network was not available until
recently when two high quality maps were developed:
EHMN (Edinburgh human metabolic network) [67] and
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Reconl [68]. The combination of the two networks
can generate a more complete and reliable map.
However, because of the different compound names
used in the two networks, they are not easily merged
[66]. Additional efforts will also be needed for metabolic
network reconstruction and analysis.

The progress in technologies and the sequenced
genomes offer opportunities to study genes and
proteins on a larger scale than ever before. In
particular, proteomics may yield crucial information

on the regulation of biological functions and the
mechanism of diseases. In this sense it is a highly
promising area for drug discovery. But further
advances in bioinformatics are critical, not only for
the interpretation of large data sets but also to
integrate data from different biological levels.
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