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Abstract


Biomolecular interaction data can be represented and analyzed using semantic web technology.  This approach uses a powerful and extendible data model which solves many of the problems associated with traditional relational database design in bioinformatics.  Moreover, data analysis based on semantic meaning becomes possible.  Data is annotated using an OWL ontology which allows for inference and reasoning to be applied based on meaning.  We designed Bio-Central, a semantic knowledgebase of example biomolecular data.  These data were annotated using the BioPAX ontology, as it is specifically designed for this purpose.  The web interface allows for exploration, discovery, and addition of data.  Annotation using OWL allows for a scalable complexity of description.  In biology this is essential as concepts are organized and described at different scopes.  Also, it is possible to add new and previously unforeseen concepts and then define relationships of meaning between them to facilitate integration.  In our research we concentrated on biological pathway data at the interaction, complex, and individual entity levels.  In effect Bio-Central provides access to biomolecular interaction knowledge via semantically enhanced retrieval and display.
Introduction


Representing data semantically has been theorized to have powerful potential applications in bioinformatics analysis.  Currently OWL is the language of choice to annotate data which allows you to assign meaning to individual pieces of information and state relationships between them.  OWL also allows generic tools to be used for the maintenance of the data model:  Ontology editing (Protégé, SWOOP) and APIs (Jena, OWL API) are the most popular.  As OWL gains wider acceptance the number of tools and software libraries is increasing, promising long term support.  The domain independent form encourages application in many fields of science and business.  Namespace independence is particularly appropriate in the case of bioinformatics as the field has been historically plagued by data format incompatibility and lack of proper contextual annotation.
Annotating data using OWL ontologies makes data integration easier.  For example, information about proteins can be found in both the Protein Data Bank (PDB), where structural and sequence data can be found, and Biomolecular Interaction Network Database (BIND) or the Kyoto Encylopedia of Genes and Genomes (KEGG), where interaction data is available.  To realize some analyses it is necessary to work with both types of data.  While computational methods can be quickly designed to combine both, this must be done each time a new combination is desired.  As more data from these sources becomes annotated using ontologies, such as BioPAX-level1 (Biological Pathway Exchange Language), the solutions will be more robust and completed with less effort.

Another benefit of using semantic annotation is having the information about relationships within the data itself.  This will be immensely helpful in analysis of biological pathways.  When attempting to determine which pathway(s) a protein is involved in, it is clear that it indirectly participates as a part of a complex.  These relations are currently recorded, however, if an explicit method for finding the relationship is not provided it is impossible to determine.  By applying OWL annotations these relationships exist, as long as the ontology defines them, and they can be discovered by browsing or in the future by ad hoc query systems.
Accomplishments

We have created a database called Bio-Central which contains molecular interaction data from BIND annotated using the BioPAX ontology.  We were able to use DataSemantisizer (Fujitsu Labs) to associate BIND flat files with the BioPAX ontology.  The Bio-Central site allows users to explore the knowledgebase through either browsing or querying of the BioPAX ontology.  The result is a user-centric view of the data within the site.  The user is able to traverse the data within its semantically meaningful context.  Browsing by hyperlinks allows exploration of individually related concepts within the BioPAX ontology.  The power in this approach is evident when the user discovers relationships within the data not previously seen when simply viewing independent sources.  
The Bio-Central query system allows retrieval of protein data and related concepts such as participation in complexes and interactions.   As more data is added to Bio-Central it will become possible to design queries of higher complexity.  If descriptions of a larger scope are added, such as entire pathways, it will be possible to retrieve all functionally interacting proteins.

Lastly, users can import their own data using the DataSemantisizer tool, Markup Creator (MINDSWAP), static web forms, or directly deposit instance data in RDF/ XML format.  This open import functionality gives the user the ability to analyze their dataset in relation to the rest of the knowledge base.

Development  
The BioPAX-level1 ontology was released on July 7 2004, written in OWL.  The working group collaborates with three biological pathway databases: Biomolecular Interaction Database (BIND), Kyoto Encyclopedia of Genes and Genomes (KEGG), and BioCyc a collection of metabolic and signaling pathway databases based at Stanford Research Institute (SRI).  The ontology use case provided one example pathway of glycolysis I from the E. coli.

To accomplish the goals of the project we identified a small subset of data in the BIND database to annotate using the BioPAX ontology.  It is quickly apparent that to define an entire pathway in the BioPAX ontology requires a complex tool. DataSemantisizer provided a very helpful automation of the process.  It is important to note that for any reasoning process to work correctly, data must be annotated exactly as described in specifications.  While description tags can have a different meaning to different people, the semantic web still relies on agreement that in one namespace they mean the same thing.  In particular, once an instance is defined all other references to it have to use the exact URI id defined in the first.

Once the data is annotated, it can be imported into the Bio-Central knowledgebase.  The submit form validates and adds the RDF/ XML to the database.  The data model can then be queried with basic functions, such as finding a specific subject, predicate, or object, provided by the rdflib and QuerierModel libraries that access a BerkeleyDB (SleepyCat Software) based triple store.  Bio-Central was designed based on the Semantic Web Application (SWAP) framework built by the MINDSWAP Group at the University of Maryland.  The Python scripts that operate the site are made up of a display and user interaction layer, a set of handlers to perform operations with backend processes, and the database and web server components used to support the site.  The resulting query displays data found and can elucidate new relationships not previously seen.  For example, the involvement of two particular proteins in a pathway relates them functionally by the specific biological process.  Such a relationship may not be specified explicitly as biochemical pathway research does not always identify the specific components of active complexes, but mass spec analysis of the complexes and constituents can be determined by a separate process at another laboratory.  Therefore, researchers exploring the knowledge about this pathway are forced to track the research through literature and make these inferences themselves.  At a larger scope this task becomes impractical.  To truly leverage the power of semantic web inference engines and reasoners for bioinformatics, the feasibility of a centralized repository of biological pathway and related data should be investigated.  Potential benefits are foreshadowed by the success of such projects as GenBank and other centralized public data repositories.
Discussion

Biological pathway data is inherently complex; therefore it is a natural candidate for representation and analysis using a semantically enhanced system.  The individual pieces of information, that come together to form knowledge of a pathway, have little meaning separately.  However, when the relationships between them are established they take on meaning that describes a functional system.  Simple data retrieval does not pose a problem worthy of the overhead associated with semantic annotations.  Therefore, we attempted to show the strength of the semantic approach in the potential of exploring the data model.  Simply by browsing from one concept to another, users can find meaningful information about relationships recorded within the annotated data.

Query systems, such as described here, add another functionality that takes advantage of the semantic model.  The search of the data by the relationship structure returns relationships and relevant data simply because they are found linked by the ontology.  Care must be taken to limit the query to potentially useful information.  Currently the query system is designed for the specific purpose of finding complexes and interactions; however it can be easily extended to be user defined.
Finally, ad hoc query building and execution using languages such as the proposed RDQL can be implemented in the future.  These approaches however require the potential user to have intimate knowledge of the language and ontology being used.  A user base that is intent on learning the interface, and is willing to contribute data is necessary.  One discussed solution has been to create a Wiki like interface allowing users to add and edit data freely and therefore curate the database on an as needed basis.  The validity of such a resource would have to be monitored and may deter skeptical researchers.  Since many data sources are automated there is more potential for error than in a traditional Wiki.  
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