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Abstract

Background: Biological pathways, including metabolic pathways, protein interaction networks,

signal transduction pathways, and gene regulatory networks, are currently represented in over 220

diverse databases. These data are crucial for the study of specific biological processes, including

human diseases. Standard exchange formats for pathway information, such as BioPAX, CellML,

SBML and PSI-MI, enable convenient collection of this data for biological research, but mechanisms

for common storage and communication are required.

Results: We have developed cPath, an open source database and web application for collecting,

storing, and querying biological pathway data. cPath makes it easy to aggregate custom pathway

data sets available in standard exchange formats from multiple databases, present pathway data to

biologists via a customizable web interface, and export pathway data via a web service to third-

party software, such as Cytoscape, for visualization and analysis. cPath is software only, and does

not include new pathway information. Key features include: a built-in identifier mapping service for

linking identical interactors and linking to external resources; built-in support for PSI-MI and

BioPAX standard pathway exchange formats; a web service interface for searching and retrieving

pathway data sets; and thorough documentation. The cPath software is freely available under the

LGPL open source license for academic and commercial use.

Conclusion: cPath is a robust, scalable, modular, professional-grade software platform for

collecting, storing, and querying biological pathways. It can serve as the core data handling

component in information systems for pathway visualization, analysis and modeling.

Background
Pathway Data Collection for Biology

The complete sequencing of the genomes of numerous
organisms provides a genetic "parts list" for human and
many model organisms [1,2]. However, a blueprint for
how these parts are assembled is required to explain how

the system works [3]. This wiring diagram for a cell con-
sists of multiple biological data types, including meta-
bolic pathways, signal transduction pathways, protein-
protein interaction networks, gene regulatory networks
and genetic interactions. For example, the galactose utili-
zation pathway which allows yeast to harvest energy from
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galactose sugar consists of a well-studied series of bio-
chemical reactions responsible for converting galactose
into glucose-6-phosphate, and a gene regulatory mecha-
nism for switching the pathway on or off [4]. Aberrations
within specific pathways have been implicated in many
human diseases [5]. For example, the p53 tumor-suppres-
sor pathway has important functions in regulating cell
proliferation, and is disrupted in many human cancers
[6].

Having interaction and pathway data available in com-
putable form enables the construction of in silico models
of complex biological processes according to specific
hypotheses about how the process works. Such hypothe-
ses can then be verified or falsified by experiment and the
models further refined [4]. In the longer term, it may be
possible to study the complete "integrated circuit" of a
cell, and create mathematical models for understanding
which perturbations within the circuit give rise to cancer
[5]. Computational modeling of pathways may enable the
identification and classification of common logic mod-
ules within the cell [7], better enable mechanistic based
drug development [3], facilitate the rational design of
combination therapies [6], and accelerate the speed of
clinical trials [8].

Central to any of these endeavors is the creation and
maintenance of interaction and pathway databases.
Because of the need to store and organize growing
amounts of pathway information and the lack of a com-
mon point of organization, the number of interaction
databases is growing rapidly, and over 220 exist in the
year 2006 [2,9]. Unfortunately, as is the case with many
biological data resources [10], interaction and pathway
databases have unique data models, distinct access meth-
ods, different file formats, and subtle semantic differences
[9]. This diversity of implementation makes it extremely
difficult to collect data from multiple sources, and there-
fore slows down scientific research involving pathways
[11,12].

To make heterogeneous data sources easier to use, several
standard XML exchange formats for sharing interaction
and pathway data have been developed. The Systems Biol-
ogy Markup Language (SBML) [13] and CellML [14] rep-
resent mathematical models of pathways designed for
quantitative simulation of concentration profiles of com-
ponents over time. The Proteomics Standards Initiative's
Molecular Interaction (PSI-MI) format enables exchange
of molecular interaction data sets [11]. Finally, the Biolog-
ical Pathway Exchange (BioPAX) format enables exchange
of biological pathways in general [15].

As more pathway databases make their data available in
standard formats, it is easier to aggregate pathway infor-

mation from multiple sources. A convenient single point
of access for pathway information would provide
researchers with a more complete and powerful view of
biological networks and cellular machinery. Database and
software systems that work towards this goal include path-
way databases with original content, such as those listed
in Table 2 and in Pathguide [16]; network analysis soft-
ware applications that support multiple import formats
and local interaction data stores, like PIANA [17], Ondex
[18] and Cytoscape [19] and biological network data inte-
gration systems, similar in scope to sequence integration
systems like SRS [20], like Biozon [21], SigPath [22], Bio-
models [23], Atlas [24] and PKB [25]. cPath is part of the
latter class, but is the only system that is jointly open
source, easy to locally install, contains identifier resolu-
tion services, provides web based front end and web serv-
ice API and includes support for pathway and molecular
interaction information available in both the PSI-MI and
BioPAX standard database file formats.

Implementation
Technical Architecture

cPath is built using a traditional three-tier web architec-
ture. The first tier consists of the open source MySQL data-
base [26], and full-text index files generated by the open
source Lucene index engine, which also handles most
query tasks for the web service [27]. The second tier con-
sists of a Java servlet application, which uses the Jakarta
Struts Library [28] for cleanly separating application logic
from HTML/XML presentation. The second tier also uses
the Xerces Java XML parser [29], the open source JDOM
library [30], and ARP: Another RDF Parser [31]. In-mem-
ory caching is provided via the open source Ehcache tool
kit [32], and database pooling is provided by the Apache
Database Connection Pool (DBCP) [33]. Real-time log-
ging is provided by Apache Log4J [34], unit tests are writ-
ten in JUnit [35], functional tests are written in Anteater
[36], and the entire build process is fully automated via
Ant [37] and Cruise Control [38]. Detailed information
about the cPath architecture, including graphical dia-
grams and definitions of the table structure, can be found
in the Architecture Guide PDF on the cPath developer web
site [39].

Data Model

The core cPath data model consists of just three elements:
biological entities, links between biological entities, and
links to external databases. For example, when storing a
PSI-MI interaction, such as "p53 binds to TP73", cPath
splits the PSI-MI record into three biological entity
records: one for the interaction, one for p53 and one for
TP73. For each record, cPath stores the complete PSI-MI
XML content associated with that entity. cPath then stores
two internal links, one from the interaction record to p53,
and a second from the interaction record to TP73. Finally,



BMC Bioinformatics 2006, 7:497 http://www.biomedcentral.com/1471-2105/7/497

Page 3 of 9

(page number not for citation purposes)

cPath stores external link records defined in the PSI-MI
record for each of the biological entities; for example,
cPath will store a link from p53 to its UniProt identifier,
as well as links from p53 to any matching Gene Ontology
(GO) terms if those references are present in the PSI-MI
file. External links are supplemented by any unification
links available in the identifier mapping system.

By maintaining a simple data model, and storing XML
within a relational database structure, cPath is able to
store data in multiple XML formats, including PSI-MI and
BioPAX and the cPath table structure need not be updated
when these formats change. cPath does not define any
new XML formats, but rather adopts the data models of
PSI-MI and BioPAX. Thus cPath can store any biological
information represented by these standard exchange for-
mats, from protein sequence, to experimental description,
to thermodynamics information for biochemical reac-
tions. Not all information will be displayed via the web
interface, but all will be available in the XML returned by
the web service API. Additional tables within cPath are
used to support the three core entity tables. For example,
cPath maintains an identity and reference table for map-
ping between identifiers, an external database table for
creating hyperlinks to other biological databases, an
organism table for storing basic organism data, an XML
cache table for storing pre-computed XML assembly doc-
uments to speed loading of commonly accessed pages,
and a log table for storing fatal errors in production mode.

Results
Overview

Using cPath, researchers can import interaction and path-
way data from multiple sources, access such data via a
standard web interface, and export data to third-party
applications via a standards-based web service (Figure 1).
Biologists, computational biologists, and software devel-
opers can utilize cPath for content aggregation, query and
analysis (see Table 1 for a list of target audiences). cPath
can serve as a modular, core software layer in larger path-
way information systems that are capable of visualizing,
analyzing, and modeling biological pathways. All cPath
software is freely available under an open source license
for local installation and modification. The key features
provided by cPath are detailed below.

Key Feature: Identifier Mapping System

A recurring problem in bioinformatics is linking related or
identical data described by different databases when mul-
tiple database identifiers (primary keys) are used to refer
to the same biological entity [40,41]. Interaction data-
bases may use different identifiers for their proteins, RNA,
DNA or small molecules (for example, a protein may be
identified with a UniProt accession number, RefSeq acces-
sion number or an NCBI GI number). This use of multiple

identifiers can significantly hinder the ability to seam-
lessly use data from diverse sources, such as to retrieve all
interactions involving a protein from numerous data
sources. Recognizing when protein records that use differ-
ent database identifiers actually represent the same pro-
tein allows a query for the protein to correctly retrieve
both original records [41]. To address this specific issue,
cPath provides an identifier mapping system capable of
storing equivalence between two or more identifiers. The
system is pre-populated with identifier mappings loaded
from external files. For example, a single protein unifica-
tion mapping may map UniProt accession numbers to
equivalent RefSeq accession numbers. Identifier mapping
files are simple tab-delimited text files that must be loaded
into cPath prior to import of any interaction or pathway
data sets. With some scripting ability, cPath identifier
mapping files can be created from external database
resources, such as Alias Server [42], the EBI International
Protein Index (IPI) [43], or Ensembl BioMart [44]. Sample
protein unification files, derived from the IPI Protein
Cross-References dataset, are available for download from
the cPath web site. cPath also uses identifier equivalences
available in imported pathway datasets that contain mul-
tiple database references for the same interactors.

Importantly, cPath also provides a similar service for stor-
ing relationships between non-equivalent, but related
biological entities. For example, a researcher can import a
UniProt to Affymetrix mapping file, then when a new pro-
tein with a matching UniProt identifier is subsequently
imported into cPath, it is annotated with all known
Affymetrix probe set identifiers. This is useful for tools
that link gene expression data to pathways.

Key Feature: Scalable Pathway Data Aggregation

To support data aggregation from multiple databases,
such as to create custom integrated sets of pathways for
local use, cPath supports the PSI-MI [11] and BioPAX [15]
exchange formats. As more databases make their data
available in either of these two standard formats, cPath
becomes increasingly useful. As some popular pathway
databases do not permit public redistribution of their
data, it is difficult for central websites to collect a complete
set of pathways for research use. A local installation of
cPath is one way to effectively collect and access all of this
data. For example, we have successfully aggregated data
from MINT [45] and IntAct [46], resulting in a final data
set of over 20,000 proteins, and more than 84,000 inter-
actions. cPath has also been successfully used to store all
human pathways from Reactome [47], and one of our
active users has used cPath to successfully store over 1 mil-
lion interaction records. A complete list of external data-
bases, which have been successfully imported and stored
using cPath is provided in Table 2.
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cPath supports PSI-MI format Level 1 and BioPAX format
Levels 1 and 2. Level 1 of PSI-MI represents protein-pro-
tein interactions. Level 1 of BioPAX represents metabolic
pathways, Level 2 adds support for molecular interactions
and post-translational protein modifications, such as
those supported by PSI-MI, and future levels will add sup-
port for signaling pathways, gene regulatory networks and
genetic interactions by the end of 2006.

Key Feature: Standardized Web Interface for Browsing and 

Querying Pathways

Once pathway data is stored in cPath, it is available for
browsing via a standard web browser. For example, the
Cancer Cell Map [48] currently uses cPath software as the
underlying database, and makes available a set of cancer-
specific pathways curated by the Institute of Bioinformat-
ics in collaboration with Memorial Sloan-Kettering Can-
cer Center. Users of cancer.cellmap.org or any other cPath-
powered site, have multiple options for querying. A user
can begin with a list of pathways, or search for a specific
pathway of interest, and drill down to view embedded

components, such as biochemical reactions, complexes
and proteins (Figure 2). Alternatively, a user can enter a
search string, such as a protein name or identifier, in the
query box, and link from the resulting query results page
to interactors, interactions or pathways. cPath includes a
full-text search engine that automatically ranks records
based on relevance of search results and supports a simple
language to define more complex queries, such as
Boolean combinations of words.

Key Feature: Standardized Web Service Interface for 

Application Communication

Data stored in cPath can be made available for query and
export via a standards-based web service interface. For
example, a third-party application can retrieve a list of all
pathways stored in cPath, and then retrieve the full details
of each pathway in subsequent calls back to cPath. The
result of each query is a BioPAX or PSI-MI formatted XML
data file that can be parsed and used by the application.
By exposing all data via a standards-based web service
interface, cPath enables interoperable communication

cPath Open Source Pathway Database Software OverviewFigure 1
cPath Open Source Pathway Database Software Overview. cPath is open source software for collecting, storing, and 
querying biological pathways. At left, multiple databases can be imported into cPath via standard exchange formats. At right, 
cPath data can be viewed via a standard web browser or exported via an XML-based web service API, making cPath data avail-
able to third-party applications for pathway visualization and analysis.
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with other software modules, and enables third-party
applications to more easily build and expand tools for vis-
ualization, analysis and model simulation. For example,
the cPath plugin for Cytoscape [19] enables researchers to
download and visualize protein-protein interaction net-
works. A second Cytoscape plugin enables researchers to
view gene expression data along a color gradient and in
the context of known biological pathways retrieved from
cPath (Figure 3). The cPath web service is not tied to a spe-
cific operating system or programming language, and uses
a REST-based (Representational State Transfer) architec-
ture [49], which has only two requirements: queries must
be specified as Internet URLs, and response documents
must be specified as XML documents. This REST-based
approach is considerably simpler than other web service
options, such as SOAP [50], and enables developers to
interactively experiment with the cPath web service with
just a standard web browser. This helps lower the develop-
ment effort required to interface with cPath, while simul-
taneously maintaining platform and language independence.

Key Feature: caBIG™ Interoperability

In addition to our own software engineering require-
ments, cPath meets specific interoperability and testing
requirements of the National Cancer Institute (NCI) Can-
cer Biomedical Informatics Grid, or caBIG™. The goal of
caBIG™ is to create a common infrastructure of interoper-
able tools and data specifically focused on cancer research
[12,51], and software funded via caBIG is required to meet
specific interoperability requirements. For example, sil-
ver-level compliance requires that the software use stand-
ard exchange formats, make all data available via well
described APIs, and use standard messaging systems
where appropriate [52]. Through caBIG™, cPath has been
formally tested by a third-party partner institution, Ore-
gon Health & Science University (OHSU). cPath was
tested on multiple operating systems, and with multiple
versions of the required software providing quality assur-
ance (QA) of the entire software system. Since early 2004,
the cPath web service has handled more than 537,000
queries from over 5,800 distinct hosts (IP addresses),

mostly from Cytoscape users using the cPath query
plugin.

Key Feature: Open Source License, Local Installation and 

Customization

cPath is freely available under the GNU Lesser General
Public License (LGPL) for academic and commercial use.
cPath can be used to distribute pathway data on the Inter-
net, or can be used to share private data locally within an
individual lab, department or company. Stable releases of
the cPath software are available for download, as are
nightly snapshots of the latest code, which is not guaran-
teed to be stable, but may have new features compared to
the last stable release. A complete administrator guide
(available in PDF format) describes the step-by-step proc-
ess for installing a new instance of cPath. Installation
requires some computer system administration skill and
ability to work with the command line, thus is geared
towards computational biologists and software develop-
ers. Once installed, cPath can be administered via the
command line using a Perl script wrapper around a Java
administration program or via a web-based administra-
tion interface. After installation, typical set-up includes
loading selecting identifier mapping and PSI-MI or Bio-
PAX files and running the text indexer via the command
line administration script or the web-based interface.
Once these are done, cPath is fully functional and is ready
for use. Any problems with import, such as errors in the
input files, are detected by a validator and reported. The
web-based administration provides several options for
customizing the look and feel of cPath, including the abil-
ity to set global headers, footers, and home page content.
Additionally, we maintain a public mailing list where new
users can post questions related to the administration and
use of cPath (cpath@googlegroups.com).

Conclusion
cPath is a robust, scalable, modular, professional-grade
software platform for collecting, storing, and querying
biological pathways. It can serve as the core data handling
component in information systems for pathway visualiza-
tion, analysis and modeling. As cPath evolves, we hope to

Table 1: cPath is useful for biologists, computational biologists and software developers.

Target Audience cPath Usage

Biologists Browse and search for pathways of interest. Drill down from a pathway to member interactions and 
molecules. Search for a specific protein of interest, and look up its role in specific pathways. Use third-
party tools to visualize and analyze pathways. For example, overlay expression data onto pathways of 
interest, and algorithmically identify regions of correlated activity.

Computational Biologists Download all pathways in BioPAX format for global analysis using your own software. Install cPath 
locally to aggregate external and/or private data sets. Use cPath to distribute, annotate and share 
computationally predicted interaction data sets or pathway models.

Software Developers/Tool Builders Build third-party software tools on top of the open cPath web service API, in order to programmatically 
access pathway data. For example, build software for visualizing pathways and organizing member 
molecules based on cellular location.
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attract new collaborators and developers to contribute to
its open source development. We also envision that cPath
will provide the software infrastructure for a large-scale,
international effort to pool pathways from multiple
sources into common repositories that provide conven-
ient integrated points of access for the scientific commu-
nity.

Future cPath software development will focus on increas-
ing levels of data aggregation and linking. Currently,
cPath is capable of integrating data at the interactor (e.g.
protein) level by simply recognizing identifiers referenc-
ing the same protein, but it is incapable of detecting dupli-
cate interaction or pathway records, resolving conflicting
information and detecting semantic inconsistencies
between different sources, all of which are required for

true integration. Furthermore, while cPath is capable of
importing both PSI-MI and BioPAX data, the web inter-
face and web service must be set to support one of these
exchange formats at a time. To support both exchange for-
mats simultaneously, we will focus on creating translators
between PSI-MI and BioPAX, and expand the roster of
available web services queries to support both formats.
cPath will also support PSI-MI Level 2.5, which expands
the format scope to include other interactors, such as
small molecules, DNA, and RNA and will support BioPAX
Level 3.0 and future levels as they become available. We
also plan to integrate BioPAX and PSI-MI validators, cur-
rently under development by others, into the cPath
import pipeline to verify that all incoming BioPAX and
PSI-MI records conform to their respective format defini-
tions and to community best practices.

Browsing Pathways using cPathFigure 2
Browsing Pathways using cPath. cPath provides a web interface for querying biological pathways. This screenshot is of the 
human Androgen receptor pathway from the Cancer Cell Map [48].
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With the availability of tools for converting SBML and
CellML to BioPAX developed by BioModels.net [23], we
will be able to import SBML and CellML data sets present
in BioModels.net directly into cPath. We will also support
pathway export in SBML and CellML. Furthermore, in
order to expand the number of other resources cPath is

capable of linking to, we plan to integrate the MIRIAM
(Minimal Information Requested In the Annotation of
Biochemical Models) URI set. This community-derived
data set provides a list of stable URIs and URL patterns for
cross-linking bioinformatics resources and is currently
used in SBML and BioModels.net [53].

Sample Cytoscape Plugin for Interfacing with cPathFigure 3
Sample Cytoscape Plugin for Interfacing with cPath. The Cytoscape Expression Viewer plugin enables researchers to 
visualize expression data on biological pathways. The plugin utilizes the cPath web service API to retrieve pathway data, such as 
the Kit receptor pathway from the Cancer Cell Map [48].
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Availability and Requirements
• Project Name: cPath

• Project Home Page: http://cbio.mskcc.org/dev_site/
cpath/

• Operating System(s): Platform independent; tested on
Windows, Linux and Mac OS X

• Programming Languages: Java

• Other Requirements: MySQL 4.0 or higher; Apache
Tomcat Server 4.1 or higher; Apache Ant 1.6 or higher,
Perl 5.0 or higher. All required software is open source
and freely available.

• License: Free for academic and commercial users under
the GNU Lesser General Public License (LGPL).

• Example site running cPath software: Memorial Sloan-
Kettering Cancer Cell Map, http://cancer.cellmap.org/.

Authors' contributions
EC managed the overall software development process for
cPath, wrote most of the code for cPath, and wrote the first
draft of this manuscript. GB conceived of the cPath
project, managed the scientific and technical goals, and
helped draft the manuscript. BG contributed to the web
interface for displaying BioPAX records, built the admin-
istrative interface for customizing cPath web pages, and
built the cPath plugin for overlaying expression data onto
biological pathways. CS conceived of the cPath project,
and provided overall scientific and technical guidance. All
authors read and approved the final manuscript.

Acknowledgements
Partial funding for cPath was provided by the National Cancer Institute 

(NCI) caBIG initiative and the Alfred W. Bressler Scholars Endowment 

Fund. We thank Shannon McWeeney, Vincent Yau, and Ranjani Ram-

akrishnan, of the Center for Biostatistics, Computing & Informatics in Biol-

ogy and Medicine, at Oregon Health & Science University (OHSU) for 

testing cPath on multiple platforms, and performing overall quality assur-

ance (QA) of the entire software system and providing a useful BioPAX val-

idation tool. We also thank Iain Keddie of GlaxoSmithKline for code 

contributions, including performance optimizations of the cPath import and 

full-text indexing pipeline.

References
1. Ideker T, Galitski T, Hood L: A new approach to decoding life:

systems biology.  Annu Rev Genomics Hum Genet 2001, 2:343-372.
2. Schaefer CF: Pathway databases.  Ann N Y Acad Sci 2004,

1020:77-91.
3. Kitano H: Systems biology: a brief overview.  Science 2002,

295(5560):1662-1664.
4. Ideker T, Thorsson V, Ranish JA, Christmas R, Buhler J, Eng JK, Bum-

garner R, Goodlett DR, Aebersold R, Hood L: Integrated genomic
and proteomic analyses of a systematically perturbed meta-
bolic network.  Science 2001, 292(5518):929-934.

5. Hanahan D, Weinberg RA: The hallmarks of cancer.  Cell 2000,
100(1):57-70.

6. Hahn WC, Weinberg RA: Modelling the molecular circuitry of
cancer.  Nat Rev Cancer 2002, 2(5):331-341.

7. Nurse P: Systems biology: understanding cells.  Nature 2003,
424(6951):883.

8. Sander C: Genomic medicine and the future of health care.
Science 2000, 287(5460):1977-1978.

9. Cary MP, Bader GD, Sander C: Pathway information for systems
biology.  FEBS Lett 2005, 579(8):1815-1820.

10. Stein L: Creating a bioinformatics nation.  Nature 2002,
417(6885):119-120.

11. Hermjakob H, Montecchi-Palazzi L, Bader G, Wojcik J, Salwinski L,
Ceol A, Moore S, Orchard S, Sarkans U, von Mering C, Roechert B,
Poux S, Jung E, Mersch H, Kersey P, Lappe M, Li Y, Zeng R, Rana D,
Nikolski M, Husi H, Brun C, Shanker K, Grant SG, Sander C, Bork P,
Zhu W, Pandey A, Brazma A, Jacq B, Vidal M, Sherman D, Legrain P,
Cesareni G, Xenarios I, Eisenberg D, Steipe B, Hogue C, Apweiler R:
The HUPO PSI's molecular interaction format--a commu-
nity standard for the representation of protein interaction
data.  Nat Biotechnol 2004, 22(2):177-183.

Table 2: External databases successfully imported into cPath.

Database Name Database Type URL Release Date Tested Data Format used for 
cPath Import

Database Stats

Cancer Cell Map Signaling Pathways http://cancer.cellmap.org April, 2006 BioPAX, Level 2 Pathways: 10
Interactions: 2,104
Physical Entities: 899

Database of 
Interacting Proteins 
(DIP) [54, 55]

Protein-Protein 
Interactions

http://dip.doe-
mbi.ucla.edu/

April, 2006 PSI-MI, Level 1 Interactions: 54,511
Physical Entities: 19,003

Ecocyc [56] Metabolic and Signaling 
Pathways

http://ecocyc.org/ 
Registration required to 
download data

March, 2006 BioPAX, Level 1 Pathways: 224
Interactions: 4,644
Physical Entities: 3,511

Human Protein 
Reference Database 
(HPRD) [57]

Protein-Protein 
Interactions

http://hprd.org/ 
Registration required to 
download data

Sept, 2005 PSI-MI, Level 1 Interactions: 4,450
Physical Entities: 12,226

IntAct [46] Protein-Protein 
Interactions

http://www.ebi.ac.uk/
intact

May, 2006 PSI-MI, Level 1 Interactions: 67,816
Physical Entities: 28,006

KEGG [58, 59] Metabolic Pathways ftp://ftp.genome.jp/pub/db/
community/biopax/

July, 2006 BioPAX, Level 2 Human Data Only Pathways: 
108
Interactions: 3,285
Physical Entities: 2,018

Molecular Interaction 
Database (MINT) [45]

Protein-Protein 
Interactions

http://
mint.bio.uniroma2.it/mint/

May, 2005 PSI-MI, Level 1 Interactions: 44,904
Physical Entities: 16,325

Reactome [47] Metabolic and Signaling 
Pathways

http://reactome.org/ May, 2006 BioPAX, Level 2 Human Data Only Pathways: 
775
Interactions: 2,962
Physical Entities: 3,197

http://cbio.mskcc.org/dev_site/cpath/
http://cbio.mskcc.org/dev_site/cpath/
http://cancer.cellmap.org/
http://cancer.cellmap.org
http://dip.doe-mbi.ucla.edu/
http://ecocyc.org/
http://hprd.org/
http://www.ebi.ac.uk/intact
ftp://ftp.genome.jp/pub/db/community/biopax/
http://mint.bio.uniroma2.it/mint/
http://reactome.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11701654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11701654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15208185
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11872829
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11340206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11340206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11340206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10647931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12044009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12044009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12931164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10755952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15763557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15763557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12000935
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14755292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14755292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14755292


BMC Bioinformatics 2006, 7:497 http://www.biomedcentral.com/1471-2105/7/497

Page 9 of 9

(page number not for citation purposes)

12. Buetow KH: Cyberinfrastructure: empowering a "third way"
in biomedical research.  Science 2005, 308(5723):821-824.

13. Hucka M, Finney A, Sauro HM, Bolouri H, Doyle JC, Kitano H, Arkin
AP, Bornstein BJ, Bray D, Cornish-Bowden A, Cuellar AA, Dronov S,
Gilles ED, Ginkel M, Gor V, Goryanin, Hedley WJ, Hodgman TC,
Hofmeyr JH, Hunter PJ, Juty NS, Kasberger JL, Kremling A, Kummer
U, Le Novere N, Loew LM, Lucio D, Mendes P, Minch E, Mjolsness
ED, Nakayama Y, Nelson MR, Nielsen PF, Sakurada T, Schaff JC, Sha-
piro BE, Shimizu TS, Spence HD, Stelling J, Takahashi K, Tomita M,
Wagner J, Wang J: The systems biology markup language
(SBML): a medium for representation and exchange of bio-
chemical network models.  Bioinformatics 2003, 19(4):524-531.

14. Lloyd CM, Halstead MD, Nielsen PF: CellML: its future, present
and past.  Prog Biophys Mol Biol 2004, 85(2-3):433-450.

15. BioPAX : Biological Pathways Exchange   [http://www.bio
pax.org/]

16. Bader GD, Cary MP, Sander C: Pathguide: a pathway resource
list.  Nucleic Acids Res 2006, 34(Database issue):D504-6.

17. Aragues R, Jaeggi D, Oliva B: PIANA: protein interactions and
network analysis.  Bioinformatics 2006, 22(8):1015-1017.

18. Kohler J, Baumbach J, Taubert J, Specht M, Skusa A, Ruegg A, Rawlings
C, Verrier P, Philippi S: Graph-based analysis and visualization
of experimental results with ONDEX.  Bioinformatics 2006,
22(11):1383-1390.

19. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin
N, Schwikowski B, Ideker T: Cytoscape: a software environment
for integrated models of biomolecular interaction networks.
Genome Res 2003, 13(11):2498-2504.

20. Zdobnov EM, Lopez R, Apweiler R, Etzold T: The EBI SRS server-
-recent developments.  Bioinformatics 2002, 18(2):368-373.

21. Birkland A, Yona G: BIOZON: a system for unification, man-
agement and analysis of heterogeneous biological data.  BMC
Bioinformatics 2006, 7:70.

22. Campagne F, Neves S, Chang CW, Skrabanek L, Ram PT, Iyengar R,
Weinstein H: Quantitative information management for the
biochemical computation of cellular networks.  Sci STKE 2004,
2004(248):pl11.

23. Le Novere N, Bornstein B, Broicher A, Courtot M, Donizelli M,
Dharuri H, Li L, Sauro H, Schilstra M, Shapiro B, Snoep JL, Hucka M:
BioModels Database: a free, centralized database of curated,
published, quantitative kinetic models of biochemical and
cellular systems.  Nucleic Acids Res 2006, 34(Database
issue):D689-91.

24. Shah SP, Huang Y, Xu T, Yuen MM, Ling J, Ouellette BF: Atlas - a
data warehouse for integrative bioinformatics.  BMC Bioinfor-
matics 2005, 6:34.

25. The Pathway Knowledge Base   [http://pkb.stanford.edu]
26. MySQL   [http://www.mysql.com]
27. Apache Lucene   [http://lucene.apache.org/java/docs/]
28. Apache Struts   [http://struts.apache.org/]
29. Apache Xerces Java Parser.  .
30. JDOM   [http://jdom.org/]
31. ARP:  Another RDF Parser   [http://www.hpl.hp.com/personal/jjc/

arp/]
32. Ehcache   [http://ehcache.sourceforge.net/]
33. Apache Commons DBCP   [http://jakarta.apache.org/commons/

dbcp/]
34. Apache Log4j   [http://logging.apache.org/log4j/docs/]
35. JUnit   [http://junit.org/]
36. Anteater   [http://aft.sourceforge.net/]
37. Apache Ant   [http://ant.apache.org/]
38. Cruise Control   [http://cruisecontrol.sourceforge.net/]
39. cPath Developer Site   [http://cbio.mskcc.org/dev_site/cpath/]
40. Stein LD: Integrating biological databases.  Nat Rev Genet 2003,

4(5):337-345.
41. Karp PD: Database links are a foundation for interoperability.

Trends Biotechnol 1996, 14(8):273-279.
42. Iragne F, Barre A, Goffard N, De Daruvar A: AliasServer: a web

server to handle multiple aliases used to refer to proteins.
Bioinformatics 2004, 20(14):2331-2332.

43. Kersey PJ, Duarte J, Williams A, Karavidopoulou Y, Birney E,
Apweiler R: The International Protein Index: an integrated
database for proteomics experiments.  Proteomics 2004,
4(7):1985-1988.

44. Ensembl BioMart   [http://www.ensembl.org/Multi/martview]

45. Zanzoni A, Montecchi-Palazzi L, Quondam M, Ausiello G, Helmer-
Citterich M, Cesareni G: MINT: a Molecular INTeraction data-
base.  FEBS Lett 2002, 513(1):135-140.

46. Hermjakob H, Montecchi-Palazzi L, Lewington C, Mudali S, Kerrien S,
Orchard S, Vingron M, Roechert B, Roepstorff P, Valencia A, Margalit
H, Armstrong J, Bairoch A, Cesareni G, Sherman D, Apweiler R:
IntAct: an open source molecular interaction database.
Nucleic Acids Res 2004, 32(Database issue):D452-5.

47. Joshi-Tope G, Gillespie M, Vastrik I, D'Eustachio P, Schmidt E, de
Bono B, Jassal B, Gopinath GR, Wu GR, Matthews L, Lewis S, Birney
E, Stein L: Reactome: a knowledgebase of biological pathways.
Nucleic Acids Res 2005, 33(Database issue):D428-32.

48. The Cancer Cell Map   [http://cancer.cellmap.org]
49. Fielding RT: Architectural Styles and the Design of Network-

based Software Architectures.  In Information and Computer Sci-
ence  University of California, Irvine; 2000. 

50. Gudgin M, Hadley M, Mendelsohn N, Moreau JJ, Nielsen HF: SOAP
Version 1.2 Part 1: Messaging Framework, W3C Recom-
mendation 24 June 2003.   [http://www.w3.org/TR/2003/REC-
soap12-part1-20030624/].

51. Bouchie A: Coming soon: a global grid for cancer research.
Nat Biotechnol 2004, 22(9):1071-1073.

52. caBIG Compatibility Guidelines, National Cancer Institute
Center for Bioinformatics, NCICB   [https://cabig.nci.nih.gov/
guidelines_documentation/caBIG_Compatibility_Document]

53. Le Novere N, Finney A, Hucka M, Bhalla US, Campagne F, Collado-
Vides J, Crampin EJ, Halstead M, Klipp E, Mendes P, Nielsen P, Sauro
H, Shapiro B, Snoep JL, Spence HD, Wanner BL: Minimum infor-
mation requested in the annotation of biochemical models
(MIRIAM).  Nat Biotechnol 2005, 23(12):1509-1515.

54. Salwinski L, Miller CS, Smith AJ, Pettit FK, Bowie JU, Eisenberg D:
The Database of Interacting Proteins: 2004 update.  Nucleic
Acids Res 2004, 32(Database issue):D449-51.

55. Xenarios I, Rice DW, Salwinski L, Baron MK, Marcotte EM, Eisenberg
D: DIP: the database of interacting proteins.  Nucleic Acids Res
2000, 28(1):289-291.

56. Karp PD, Riley M, Paley SM, Pelligrini-Toole A: EcoCyc: an encyclo-
pedia of Escherichia coli genes and metabolism.  Nucleic Acids
Res 1996, 24(1):32-39.

57. Peri S, Navarro JD, Amanchy R, Kristiansen TZ, Jonnalagadda CK,
Surendranath V, Niranjan V, Muthusamy B, Gandhi TK, Gronborg M,
Ibarrola N, Deshpande N, Shanker K, Shivashankar HN, Rashmi BP,
Ramya MA, Zhao Z, Chandrika KN, Padma N, Harsha HC, Yatish AJ,
Kavitha MP, Menezes M, Choudhury DR, Suresh S, Ghosh N, Saravana
R, Chandran S, Krishna S, Joy M, Anand SK, Madavan V, Joseph A,
Wong GW, Schiemann WP, Constantinescu SN, Huang L, Khosravi-
Far R, Steen H, Tewari M, Ghaffari S, Blobe GC, Dang CV, Garcia JG,
Pevsner J, Jensen ON, Roepstorff P, Deshpande KS, Chinnaiyan AM,
Hamosh A, Chakravarti A, Pandey A: Development of human
protein reference database as an initial platform for
approaching systems biology in humans.  Genome Res 2003,
13(10):2363-2371.

58. Kanehisa M, Goto S, Hattori M, Aoki-Kinoshita KF, Itoh M,
Kawashima S, Katayama T, Araki M, Hirakawa M: From genomics
to chemical genomics: new developments in KEGG.  Nucleic
Acids Res 2006, 34(Database issue):D354-7.

59. Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M: KEGG:
Kyoto Encyclopedia of Genes and Genomes.  Nucleic Acids Res
1999, 27(1):29-34.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15879210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15879210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12611808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15142756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15142756
http://www.biopax.org/
http://www.biopax.org/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16510498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16510498
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16533819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16533819
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14597658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14597658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11847095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11847095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16480510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16480510
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340175
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381960
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15723693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15723693
http://pkb.stanford.edu
http://www.mysql.com
http://lucene.apache.org/java/docs/
http://struts.apache.org/
http://jdom.org/
http://www.hpl.hp.com/personal/jjc/arp/
http://www.hpl.hp.com/personal/jjc/arp/
http://ehcache.sourceforge.net/
http://jakarta.apache.org/commons/dbcp/
http://jakarta.apache.org/commons/dbcp/
http://logging.apache.org/log4j/docs/
http://junit.org/
http://aft.sourceforge.net/
http://ant.apache.org/
http://cruisecontrol.sourceforge.net/
http://cbio.mskcc.org/dev_site/cpath/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12728276
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8987457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15059813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15059813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15221759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15221759
http://www.ensembl.org/Multi/martview
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11911893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11911893
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15608231
http://cancer.cellmap.org
http://www.w3.org/TR/2003/REC-soap12-part1-20030624/
http://www.w3.org/TR/2003/REC-soap12-part1-20030624/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15340462
https://cabig.nci.nih.gov/guidelines_documentation/caBIG_Compatibility_Document
https://cabig.nci.nih.gov/guidelines_documentation/caBIG_Compatibility_Document
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16333295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14681454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10592249
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8594595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8594595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14525934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14525934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14525934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381885
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16381885
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9847135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9847135

	Abstract
	Background
	Results
	Conclusion

	Background
	Pathway Data Collection for Biology

	Implementation
	Technical Architecture
	Data Model

	Results
	Overview
	Key Feature: Identifier Mapping System
	Key Feature: Scalable Pathway Data Aggregation
	Key Feature: Standardized Web Interface for Browsing and Querying Pathways
	Key Feature: Standardized Web Service Interface for Application Communication
	Key Feature: caBIG™ Interoperability
	Key Feature: Open Source License, Local Installation and Customization

	Conclusion
	Availability and Requirements
	Authors' contributions
	Acknowledgements
	References

