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Abstract—Systems biology describes a field of dynamic and integrated professionals who manipulate and collect vast amounts of data about biological systems.  This data must be organized in a format that is available and useable.  Various databases, (eg. CEBS, GenBank, KEGG) and knowledgebases (eg.  BioCyc  )  collect data, often by web submissions, and provide online resources for those wishing to access the data.  This data is varied in nature from toxicological data to genetics, proteomics, metabolic pathways, etc. Other organizations integrate data from these providers in order to create simulations to better model and predict behaviour at various biological levels (typically cellular), or to facilitate information streamlining to those working in drug discovery research.  By identifying the various stages of data storage and retrieval it becomes apparent that the field of systems biology is highly reliant on the skills possessed by people in a wide variety of specialized fields.
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I. INTRODUCTION
T
his paper will define systems biology  and, in doing so, underscore the need for database technology.    It will also do the reverse and uncover more about systems biology by looking at the types of databases that are being employed in this field of high throughput data.  It will analyze some existing databases to discover what types of data are being collected in the field as well as how the data is organized for viewing.  It will look at the tools used to retrieve the data, and some of the tools that make use of the data for simulation and other purposes. 

It is hoped that this look at the data, data-organization and data-analysis schemes will provide more insight into the field of systems biology, as well as answer some of the following questions:  What are databases storing?  How are they being used?  What are the problems and limitations in current database implementations?  What is the future of databases in systems biology? 

II. SYSTEMS BIOLOGY

Systems biology stands apart from traditional biology as a field which focuses on quantitative rather than qualitative information.  The far-reaching goal of this area is gathering quantitative information for the complete determination of biological systems.   Some of the key ideas underlying systems biology are as follows:

A. Systems Theory:

The systems biology approach comes from systems theory and aims to view the various hierarchical levels of biological organization as systems with inputs and outputs (eg. at the organ level, the cellular level, the molecular level, etc.).  Systems biologists investigate the behaviour and relationships of all of the components of a biological system while they are in operation, as opposed to just structural facts or static data about individual elements such as genes or proteins.  In contrast to traditional molecular biology or genetics, the focus is not only on identifying structures and components but on understanding the dynamics of the system.

Implied within systems theory is a predictive capability where   known inputs would lead to known outputs for possible application in several fields including disease prevention, drug development, tissue engineering, etc.

B. Molecular Grounding

In order to fully characterize large biological systems – such as human organs, or even humans in general, the system must be built from the ground up.  Thus systems biology is firmly grounded in developing an understanding at the molecular-level. 

C. Discovery Science and Hypothesis Driven Science

Discovery science is the practice of defining all of the elements in a system with no pre-existing suppositions to prove.  The Human Genome Project is one example of discovery science where scientists are attempting to gather the comprehensive sequence of human chromosomes.   In contrast hypothesis-driven science sets out with an initial hypothesis and attempts to prove its validity via experimentation.  Systems biology is a combination of these two approaches.

D. Integration of Different Fields

Research in systems biology employs experts in a wide variety of fields, which can be categorized as follows [1]:

1) genomics and molecular biology research

2) computational studies (simulation, bioinformatics, software tools) 

3) analysis of system dynamics

4) technologies for high-precision and comprehensive measurement.

E. Technological basis:

Invention of new experimental methods have allowed for measurement of a large number of components simultaneously[1].    High-throughput measurement systems have also been developed.  Together these allow for systems biology to strive for far reaching goals not previously attainable.  Some technological breakthroughs in being able to perturb biological systems have been[2]:

1) High-throughput genetic manipulation

2) Systematic gene mutations

3) Gene Disruption in Trans

F. High-Throughput  (Lots of Data)

The automated biotechnical equipment available today allows for the capturing and processing of vast amounts of biological data at high speeds.  At the Institute for Systems Biology (ISB) there are four high-throughput facilities: DNA Sequencing, Genotyping, Proteomics and Microarrays.  At the ISB Genotyping facility, for example, they are capable of generating 7500 genotypes per day.[3]    

G. Simulation

The magnitude and complexity of interactions in a cell are forcing models to go beyond static text-book diagrams and mental models.  Computer representations are being required in systems biology to adequately model and capture cellular systems.  It is projected that computer simulations could also act in the predictive capacity discussed under Systems Theory above.  

III. Databases

All of the concepts above, taken together, form a description of systems biology.  The need for databases is the result of the high-throughput nature of this field.  They are needed to house the terabytes of data produced by the new technologies and vast numbers of researchers involved.   Publicly available databases are ever-increasing in importance, as it becomes evident that no single scientist can collect all of the data required to take this field to its goal.  They are a key site for the integration of professionals, for example: a molecular biologist may deposit the data, statisticians gather information from the data, computer simulation experts pull the data into their simulators, etc.  Databases are in essence one of the boardrooms or “water-coolers” of the systems biology workplace.  

To acquire a more detailed understanding of the magnitude and breadth of research within systems biology, this report will identify some of the large databases and the different types of data they host.   The following description of some well known databases will demonstrate the varied nature of data collected in systems biology as well as some of the practical purposes it aims to serve:

A. CEBS

Chemical Effects in Biological Systems (CEBS) knowledge base is designed by The National Center for Toxicogenomics (U.S.A.) for use by systems toxicology.  It is a public knowledgebase with molecular expression data on transcriptomics, proteomics, metabonomics, and metabolic, toxicological pathway and gene regulatory network information related to environmental toxicology and human disease [4]. The ultimate goal of CEBS is to create a database that is useful for studying drug safety and improving risk assessments for chemicals in the environment.

This knowledgebase is being formed by incorporating information from several public domain databases.

B. GenBank

GenBank is a nucleic acid sequence database maintained by the National Center for Biotechnology Information (NCBI).  GenBank gets new data submissions directly from scientists, and depends on these posts to keep the database current and comprehensive.  NCBI processes and reviews new entries and updates and helps authors who have new data to submit. 

Entries in GenBank include a description of the nucleic acid sequence, the scientific name and taxonomy of the source organism, and a table of features that identifies coding regions and other sites of biological significance. [5] 

C. KEGG

The Kyoto Encyclopedia of Genes and Genomes (KEGG) is a bioinformatics resource. Its purpose is to use the genome to develop an understanding of higher order functions of the cell or organism at hand. KEGG data is updated daily and is organized in the following databases: molecular interaction networks (PATHWAY database), genes and proteins (GENES/SSDB/KO databases), and chemical compounds and reactions (COMPOUND/REACTION databases). [6] KEGG data objects are all represented as graphs.  Rather than providing textual information to be read by users it stores data as graphs to be manipulated by computers.  

D. BIOCYC Knowledgebase

BioCyc is a knowledgebase; it is a collection of genome or pathway databases.  Each database describes the genome and metabolic pathways of a single organism, except the MetaCyc database which is a source on metabolic pathways from many organisms.   

One BioCyc database, EcoCyc describes E. coli. The goal of Ecocyc is to eventually enable a system-level understanding of E. coli. Ecocyc carries information about:

Genome:  the complete genome sequence of E. coli MG1655, and the nucleotide position and function of every E. coli gene. (A user can retrieve the nucleotide sequence of a gene, and the amino-acid sequence of a gene product.)

Transcriptional regulation: describes E. coli operons, promoters, transcription factors, and transcription-factor binding sites. 

Membrane transporters: annotates E. coli transport proteins, and the associated transport reactions that they mediate.

Metabolism:   describes all known metabolic pathways and signal-transduction pathways of E. coli. 

Database links: links to other biological databases. [7]

IV. Building Databases

Many of the new emerging databases are no longer being built exclusively from direct experimental results.  They are being constructed with the use of data from other databases, which have themselves been constructed with data from other databases, creating this large network-like dependency structure.     Systems biology has reached the stage where databases are often used as starting points for new databases.  While this practice is highly efficient, and almost necessary for scientists to continue expanding on the current body of knowledge, the question arises: what are the drawbacks of this replication of data?  Is error propagation a reality?  As this continues to be a common practice in the field these questions will need to be addressed.

The means of adding new data to the databases is from experimental results.  It is also a fact that databases do not gather this experimental data from a single source.  Many of them take submissions from biologists all over the world, via web submissions.   NCBI, for example, has a software tool called Sequin. Sequin is for submitting and updating complex entries to the GenBank, EMBL, or DDBJ sequence databases.  It can be downloaded from the NCBI website and run on multiple platforms. [8]  The NCBI also has a “BankIt” form on the web for simpler submissions of fewer numbers of sequences.  Each submission requires contact information, release date information, references, source description, and input DNA sequence.   Submissions to most databases are reviewed by the host organization before being incorporated into the information store.

V. Database Challenges

Keeping databases up-to-date is a growing challenge.  With a constantly expanding body of knowledge, updating the databases is important but also time consuming and error-prone.  To address this problem new software is being developed that will automatically update databases based on results published in biological literature.  Systematically, using natural language parsers, this software will attempt to automate the task of incorporating new information. [2]

At present however, databases like EcoCyc use a manual “Literature-Based Curation” method of staying current.  This involves manually refining and updating data based on new evidence in experimental literature.  However, even with these methodologies in place, it is still difficult to stay on top of all new literary findings.  Though attempting to make each new EcoCyc release fully up-to-date, BioCyc admits that there is a backlog in curation, and they are not meeting their goal in this area. [7]

Another challenge is notational consistency.  Maintaining uniformity of terminology and syntax is important in being able to form queries to acquire all relevant information.   Computer form validation and reviews of new data entries by database personnel helps to reduce the magnitude of this problem.

Incomplete information is another problem that plagues  databases.  Experimental results in the database may be correct and informative to a degree, but if some relevant experimental or procedural information is omitted it may retract from the utility of the data. 

VI. DATABASE RETRIEVAL TOOLS

It is important to look beyond the raw data and maintenance components.  Databases are lifeless without tools to retrieve and organize the data into useful “information”.

Most databases come with many tools for data analysis and retrieval.  NCBI has tools that operate on the data in GenBank and their other biological databases. The tools are numerous and are themselves organized in seven categories [9]:

1) Database Retrieval Tools (eg. Entrez)

2) Sequence-Similarity Search Programs (eg. BLAST tools)

3) Resources for Gene Level Sequences (eg. UniGene)

4) Resources for Chromosomal Sequences (eg. the human genome MapViewer)

5) Resources for Genome-Scale Analysis (eg. Entrez Genomes)

6) Resources for the Analysis of Patterns of Gene Expression and Phenotypes (eg. SAGEmap)

7) The MMDB, The Conserved Domain and Database Search and DART (eg. MMDB)

KEGG operates on a similar principal, it is not a standalone database, but requires tools to give graphical representation to the raw data.  The PATHWAY database portion of KEGG has tools to create reference diagrams for molecular pathways and complexes for cellular processes.  The genetic database is also graphically displayed, genomes are represented as one-dimensional connections of genes, and gene products as a complex graph of connections.

The retrieval tools provide the users with a window to the data.  They attempt to extract data in meaningful ways for the users, as well as allow the users to easily query the specific information they desire.  A database search of the EcoCyc database brings up the query window contained in Fig 1.
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Fig 1 - EcoCyc Query Window

This query brings the user to a list of 18 glucose compounds that matched the search criterion.    By selecting beta-D-glucose the information in Fig 2. was retrieved.  
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Fig 2 - EcoCyc Data Retrieval Presentation – E. Coli Compound

The employment of visuals to represent information is more evident when the user clicks on a pathway, “glucose and glucose-1-phosphate degradation”, and acquires the image in Fig 3.  
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Fig 3 - EcoCyc Data Retrieval Presentation - E. Coli Pathway

An important conclusion that can be noted from the figures is that the user is not simply presented with static data, nor are they required to input new and precise queries to hone in on desired views.  Instead, the user is provided with a series of links to more related data and references, and all data is presented in a meaningful way.  

VII. USING DATABASES FOR SIMULATION 

Although it is possible to retrieve data in the methods presented above, it is also useful to conglomerate large amounts of data for possible applications such as simulation or research in drug discovery.  This section will focus on cell simulation, and the subsequent section will look at the challenges in integrating databases to gather information for pharmaceutical research.

A. E-Cell Example 

E-Cell is a simulation package that was created to model how cellular proteins work together as a living system.  The goal of E-Cell is to model the cell so thoroughly that it will be able to predict consequences of changes made to the cell or its environment.  Users of E-Cell define Reaction Rules that govern the function of proteins, protein-protein interactions, regulation of gene-expression, etc. They also input a Substance List that outlines all objects making up the cell and culture medium, and a System List that defines the spatial/functional structure of the cell and it’s environment.  Users can then see dynamic information on the display as the simulator determines the state of the system at a given time by computing all of the reaction rules.

E-Cell creators have used KEGG and EcoCyc knowledgebases to help construct a model of the cell.  KEGG was used to develop the model for cell metabolism (using the gene set of M. genetalium).  EcoCyc was used to gain enzyme and pathway information, but also it contained references to liturature that the E-cell creators used to obtain further data with which to hone the model. [10]

B. Simulation Challenge

Databases may not always be in the proper format be easily employed for simulation.  Researchers at the Human Genome Center in the University of Tokyo encountered this problem, and pathway database models had to be converted to be usefully applied in a simulator.[11] Genomic Object Net (GON) is a simulation platform they are working on for pathway modeling.  It has been used to model and simulate the glycolytic pathway of E.coli, boundary formation by notch signaling in Drosophila, and apoptosis induced by Fas ligand, etc.  For modeling and simulating biopathways it would be useful to use public biopathway databases as a source of information.  The problem they had at the Human Genome Center is that these databases have been organized to present biochemical information on computers, but not explicitly for the purpose of modeling and simulation. Therefore they had to create transformations of the static pathway data on KEGG and BioCyc into biopathway models that could be used in dynamic pathway models on GON.   

VIII. Databases Integrations for Drug Discovery

In pharmaceutical research, one similar problem is that relevant data is spread across multiple databases and is not organized in such a way as to be easily combined.  This problem, encountered by scientists wishing to utilize the information, occurs for many reasons: 

1) Different Access Mechanisms: (Web, RDB connectors, 

desktop clients)

2) Different Data Formats: (relational, flat file)

3) Different Data Types: (text, numerical, structures, 

XML)

4) Non Database Date: (literature) [12]

One organization, in an attempt to reduce R&D costs for drug companies, has created a tool that performs comprehensive data integration.[13]  By providing clients with access to integrated and current life-science information they aim to reduce development time in drug discovery.   Their product creates a single point of access to data from hundreds of publicly available databases and combines it with in-house research data.  This data integration solution addresses the four problems above and provides assistance to scientists in the field of drug research.

IX. Conclusion

By looking at databases and data organization there is great evidence of the integration of professionals involved in systems biology:  biologists worldwide contribute experimental data to databases, companies of IT professionals and software developers employ technology to integrate these databases, R&D researchers from pharmaceutical companies and research institutions can then use the vast array of data towards the creation of new drugs and treatments.

The different data retrieval views, graphs and simulations, also highlight the dynamic and functional dimension of systems biology.   Data in systems biology differs from data in traditional biology not only in magnitude, but in structure as well.  Static diagrams, hand calculated equations, or lists of data are no longer sufficient to fully encompass the systems being described.   For this reason database retrieval tools organize data into models, graphs and simulations, as well as provide links to related information. 

The future of systems biology is bright with potential and riddled with obstacles along the way.   Integration of heterogeneous data and maintaining up-to-date bodies of knowledge are only two of the many challenges faced in this field.  

X. For Further Research 

To address the question posed under the section “Building Databases”, it might be worthwhile to investigate the implications of error propagation in public databases.  Unless replications synchronize regularly with the source, it is foreseeable that errors may go uncorrected, undetected, and lead to erroneous conclusions and models.  A further investigation would need to be made into the practices of database hosts to uncover whether this is a real problem, or whether measures are in place to prevent it.
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