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Summary. In this chapter we present an architecture for the development of Semantic Web
applications, and the way it is applied to build an application for Systems Biology. Our work-
ing plan is designed to built an ontology-based system with connected biomodules that could
be globally analysed, as far as possible. Supported by the advantages of the Semantic Web,
we can keep the objective to work on the way to obtain an automated form to integrate both
information and tools in our system.

Key words: Semantic Web, Systems Biology, Semantic Mediation, Amine

12.1 Introduction: Problem Statement and Development of a
Systems Biology Pilot Project

A living organism is an open system that keeps a continuous interchange of chemical
compounds, energy and information with its environment. This interchange involves
a high number of elements (molecules) related among them in a dynamic hierarchical
and modular way. Modules can be identified from the analysis of the interaction pat-
terns. At molecular level, interacting networks include protein-protein interactions,
metabolic pathways, and the different biosignalling pathways controlling intercellu-
lar cross-talk and regulation of gene expression [1]. These different local networks
are also related among them. From the previous analysis, it is easily deduced that
the integration of both structural and functional data concerning all of the involved
elements, their spatial locations and their interrelationship patterns is an essential
(but still a dawning) task for an efficient advance in biological knowledge. From the
beginning of this century, new systemic approaches to the study of living organisms
were proposed [2]. They are essential to let come into view the general rules that, as
it also occurs in Physics, must govern the biological behaviour. It is our understand-
ing that Systems Biology should include both the relationships among the elements
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of a biological system in a given steady- state and the responses of the system against
any endogenous or exogenous perturbation, with the final aim to know not only the
system itself but also its dynamics.

The available information required to get more holistic views of Molecular Bi-
ology problems increases daily, due to a large amount of data provided by Genome
Projects and high-throughput technologies. Obviously, this is a great advantage for
(and makes a great deal of) this scientific field. However, the required informa-
tion is dispersed among different information repositories, which offer redundant,
and sometimes ambiguous and/or controversial data. These facts can induce that
processes of information retrieval lose both efficiency and fidelity. Another worth-
mentioning disadvantage of the present trends and tools is the continuous over-
lapping of new information strata that frequently lead to cover up the previous
information.

To sum up, it is clear that the development and support of intelligent integration
methods for data searching, screening and analysis are absolutely required. These
new tools should accomplish the following properties: i) to be in favour of reaching
a consensus among the scientific community; ii) to be able to discriminate among
redundant and/or wrong information; iii) to gain the possibility to access to infor-
mation partially hidden for the web (a remarkable example of it, is for instance the
access to data contained in printed papers); iv) to be able to grow towards augmented
capabilities to be interconnected to other tools developed by the scientific commu-
nity. Working in this sense, the discovery of new emergent properties of the systems
will be allowed.

Under the name of “Amine System Project” (ASP), we have started working to
construct a pilot system for the integration of biological information related to Bio-
chemistry, Molecular Biology and Physiopathology of a group of compounds known
as biogenic amines (http://asp.uma.es). Two general objectives can be distinguished
in this project: i) development of new and more efficient tools for the integration
of information stored in databases, with the aim to detect new emergent properties
of this system; and ii) generation of in silico predictive models at different levels of
complexity. It is being carried out by a multi-disciplinary group joining biochemists,
molecular biologists and informaticians. In the following paragraphs, we present the
biological context defined as our “system” and the reasons for this choice. Never-
theless, once the outcoming tools become validated, many of them could be easily
adapted to study many other biological systems and to be compatible with many
other bioinformatics tools and repositories.

Biogenic amines are low-molecular-weight compounds derived from amino
acids. Members of the group have been working for the last 18 years on the different
aspects of the amine metabolism and the molecular bases of the physiological
effects caused by these compounds in different eukaryotic models, mainly mam-
malian cells [3–10]. Thus, the experience on the biological topic, as well as tools
and facilities available for experimental validation of the in silico-derived hypothe-
ses were important to define our system. We have been mainly devoted to those
amines synthetised from cationic amino acids in mammalian organisms. These
are: histamine (derived form histidine), and the polyamines putrescine, spermidine
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Fig. 12.1. Scheme of the most relevant biological processes modulated by histamine and
polyamines at cellular level and their physiopathological consequences on the whole organism

and spermine (derived from arginine/ornithine and methionine). The biological
processes modulated by histamine and polyamines in different human cell types and
their physiopathological consequences on a human organism were recently reviewed
by our group [11] and summarized in Figure 12.1.

Polyamines are essential polycations for every living cells known so far and play
their major roles as modulators of the central mechanisms of cell life, growth and
death [12]. Histamine is considered as an intercellular mediator of pleiotropic (and
sometimes antagonic) effects elicited through different signalling pathways in dif-
ferent target cells: anaphylactic reactions and other inflammatory responses, gastric
secretion, neurotransmission, bone-loss, fertility, angiogenesis and tumour growth.
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This short summary of the molecular pathways and physiopathological processes
related to histamine is enough to show how many biomolecular interactions are in-
volved in its biological missions and how dispersed the amine-related information
can be among many different repositories of specialised bibliography and databanks
of many different biomedical areas. In some human cell types (for instance, mast
cells or macrophages), both polyamines and histamine are essential elements for
their specific physiological roles and it is proven that their metabolic pathways keep
a molecular cross-talk at different levels [11]. In any case, pathological conditions
associated to both polyamine and histamine affect an important percentage of the
humanity at any stage of our lives. These circumstances guarantee the fruitfulness
of any effort towards a more integrated analysis of the huge quantity of dispersed
biochemical and phenomenological information that is required to generate new
strategies for a better control of the polyamine/histamine-related diseases.

During the second part of the 20th century, an impressive quantity of high qual-
ity work was released from reductionistic approaches. It has provided information
about almost every element involved in polyamine metabolism in different cell types.
However, most of the attempts to use this information to drive intervention strate-
gies has failed, since evolution has selected robust and sophisticated mechanisms
to compensate alterations in the most essential pathways. Consequently, the scien-
tific community will not fully profit from all these efforts until a more systemic
view of the regulatory mechanisms associated to amine biochemistry is reached. The
application of Systems Biology technologies could allow us to obtain a more ex-
tended, dynamics and fruitful level of knowledge on the causes and consequences of
alterations in the amine-related pathways, that is, in the highly relevant physiopatho-
logical processes related to amine metabolism. Some examples of this assessment
are the following examples of the application of our system, which are considered
among our present aims: a) to obtain predictions on the structural and functional
alterations of a given molecule produced by its interactions with others (protein,
nucleic acid, metabolite or drug); b) to locate dynamic bifurcation points and puta-
tive hysteretical behaviour of the involved metabolic pathways being altered under
pathological conditions or treatments; c) to determine the molecular structural and
functional relationships among the amine-related biomolecules and the other cellular
components. This emergent knowledge could suggest new strategies for their control
and intervention, as explained in [13].

12.2 The Semantic Web: Practical Usage in Systems Biology

As mentioned before, retrieval of the impressive quantity of information disperse
in different growing databases is essential for efficient use of the research invest-
ments and for advance of knowledge, not only in the amine field, but also in any
biological/biomedical problem. The rapid increase in both volume and diversity
of “omic” data further stress the necessity for development and adoption of data
standards. A recent trend in data standard development has been to use eXtensible
Markup Language (XML, http://www.w3.org/XML/) as the preferred mechanism to
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define data representations. However, XML cannot provide the necessary elements
to achieve the level of interoperability required by the highly dynamic and integrated
bioinformatics applications.

To solve this problem, an explicit description of the semantics in biological
databases is required. This can be achieved by ontologies describing the biologi-
cal systems. Ontologies provide a formal representation of the real world, shared by
a sufficient amount of users, by defining concepts and relationships between them.
In order to provide semantics to web resources, instances of such concepts and rela-
tionships are used to annotate them. These annotations over the resources, which are
based on ontologies, are the foundation of the Semantic Web [14]. Given the size of
the web, we have to deal with large amounts of knowledge. All this information must
be represented and managed efficiently to guarantee the feasibility of the Semantic
Web.

Knowledge representation and reasoning about this knowledge is a well-known
problem for artificial intelligence researchers. Explicit semantics is defined by means
of formal languages. Description Logics [15] is a family of logical formalisms for
representing and reasoning about complex classes of individuals (called concepts)
and their relationships (expressed by binary relations called roles). Description Log-
ics are intended for formal knowledge representation and are based on a structured,
decidable fragment of FOL (first Order Logic). The combination of formal knowl-
edge representation altogether with the definition of formal but efficient reasoning
mechanism is crucial for reasoning in Description Logics. Description Logics for-
malism allows the description of concepts, relationships and individuals (i.e. the
knowledge base), and all of them together with complex concept formation and con-
cept retrieval and realization provide a query/reasoning language for the knowledge
base. Research in Description Logics deals with new ways to query a knowledge
base efficiently.

The ongoing standards of current web-based ontology definition languages (such
as OWL, http://www.w3.org/TR/owl-features/) are based on Description Logics.
These languages provide mechanisms to define classes and properties and their
instances. Web Ontology Language (OWL) is a markup language for publishing and
sharing data using ontologies on the Internet. OWL is a vocabulary extension of the
Resource Description Framework (RDF, http://www.w3.org/RDF/) and is derived
from the DAML + OIL Web Ontology Language (http://www.w3.org/Submission/
2001/12/). Together with RDF and other components, these tools make up the
Semantic Web project. OWL was developed mainly because it has more facilities
for expressing meaning and semantics than XML, RDF, and RDF-S, and thus OWL
goes beyond these languages in its ability to represent machine interpretable contents
on the web and perform reasoning over this knowledge.

OWL is seen as a major technology for the future implementation of a Seman-
tic Web. OWL was designed specifically to provide a common way to process the
content of web information. The language is intended to be read by computer ap-
plications instead of humans. Since OWL is written in XML, OWL information
can be easily exchanged between different types of computers using different op-
erating systems, and application languages. OWL’s main purpose will be to provide
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standards that provide a framework for asset management, enterprise integration and
the share and reuse of data on the Web (taking advantage of the reasoning capabilities
that it provides being based on Description Logics).

Semantic Web technologies provide a natural and flexible solution for integrat-
ing and combining two levels of abstraction, the data level and the knowledge level,
which are related by means of metadata. The information is annotated with semantic
contents/metadata that commit with a domain ontology. The semantic interoperabil-
ity among applications depends on their matching capability between information
and knowledge schemas. Generally, this task is carried out at the implementation
level, building a syntactic model shared among applications. Ontologies make pos-
sible to attain this objective by adding a semantic layer on the syntactic model with
knowledge of what the information represents. In this way, some research areas are
making a big effort to represent the knowledge they have by means of big ontologies
that tend to become standards for representing information. However, these ontolo-
gies describe usually generic terms that explain the basis of the domain, and cannot
be directly applied to annotate the data of common databases.

Thus, Bioinformatics researchers are developing several domain ontologies, rep-
resenting big subjects in biology: protein ontology [16], sequence ontology [17] and
gene ontology [18]. The main reasons to use an ontology are: to share common
understanding of the structure of information among people or software agents, to
enable reuse of domain knowledge, to make domain assumptions explicit, to sep-
arate domain knowledge from the operational knowledge and to analyze domain
knowledge. If the available ontologies does not fulfill these requirements, then it is
necessary to start the development of a new one.

12.3 Architecture and Future Prospects

As stated in the introduction of the “Amine System Project” we have started the
building of a pilot system for the integration of biological information related to
Biochemistry, Molecular Biology and Physiopathology (focusing our main interest
on a group of compounds known as biogenic amines). This section introduces the
architecture used to build this pilot system, and the way it will help researchers in
the project context.

12.3.1 The Pilot: AMine Metabolism Ontology and the Semantic
Directory Core

This section presents the Pilot developed for integrating dispersed resources, such as
online databases, web services and data transformation tools.

This Pilot is based on a generic infrastructure (Semantic Directory Core,
SD-Core), which is mainly used for registering and managing ontologies and their
relationships with distributed resources (online databases, web services and data
transformation tools).
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Fig. 12.2. Conceptual architecture of the Amine System Project. The kernel of the system
is composed of a Semantic Directory and several Data Services. The Mediator and its Web
interface provide an integrated access to the information

Previous works [19, 20] have allowed us to identify the minimum elements that
can be useful for building Semantic Web applications, and they are the core of the
proposed infrastructure (Figure 12.2). The internal elements of the SD-Core (Figure
12.3) are composed of a set of inter-related ontologies, which describe its semantics,
and tools for taking advantage of this semantics. These ontologies include an on-
tology to manage metadata about ontologies registered in the SD-Core (Ontology
Metadata Vocabulary, OMV), and an ontology to manage the metadata of regis-
tered resources and their relationships with registered ontologies (SD-Core Metadata
Ontology, SDMO).

Tools to manage metadata represented as ontologies include from a simple OWL
parser to a complex ontology reasoner. We make use of Jena (http://jena.sourceforge.
net/) to access this knowledge in a first version that does not require the installation
of any additional elements as a reasoner. However, the reasoning capabilities of
Jena are limited, and it is not possible to infer new knowledge from the information
registered in the system. For this reason, we have developed a version including the
use of a reasoner, Racer [21], to improve the query results by taking advantage of
the reasoning mechanisms it uses (concepts classification, concepts subsumption,
complex concepts, etc.). However, Racer requires a license for being used, so the
addition of this reasoner to the system has been carried out through the DIG API
(http://dl.kr.org/dig/) (that provides Racer). In this way, the SD-Core can be changed
for using another DIG compliant reasoner by installing and replacing Racer for other
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Fig. 12.3. Internal Elements of the SD-Core. The metadata used by SD-Core is represented as
ontologies and managed by an ontology parser. The metadata about resources and ontologies
is modified and accessed through three components. (Abbreviations are defined in the text)

Reasoner. Thus, the users interested in our proposal and who are not able to acquire
a Racer license can make use of it.

When using any reasoner, for enhanced -DL based - reasoning mechanisms, it
usually implies that the Web Server will have an overhead because of the reasoner
activities. Thus, the way in which it has been included is by means of its installation
in a remote machine thereby avoiding to overhead the server.

12.3.2 Ontology-Based Mediation

SD-Core provides necessary elements to deal with ontologies (and reasoning with
them if a reasoner is included), but cannot fulfill all the requirements of the ASP
project itself. The integration of information is a key requirement in Systems Biology
and also in our project. For this reason we have adopted a mediator-based approach.

The main goal of mediation systems is to allow users to perform queries over het-
erogeneous databases, as if they were only one, using an integration schema. Media-
tors offer interfaces in order to query the system in terms of the integration schema.
Thus, software developers can build applications that make use of distributed and
heterogeneous databases as if they were a centralized database.

Internally, mediators transform user queries into a set of sub-queries that other
software components (the wrappers), which encapsulate data sources’ capabilities,
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will solve. Recently, the research has been devoted to the problem of Semantic Me-
diation, because it introduces the possibility of taking advantage of explicit semantics
and reasoning mechanisms to provide better solutions.

Semantic mediation adds a few additional considerations to the logical infor-
mation integration problems. In this scenario, sources not only export their logical
schema, but also their conceptual model to the mediator, thus exposing their con-
cepts, roles, classification hierarchies, and other high-level semantic constructs to
the mediator. Semantic Mediation allows information sources to export their schema
at an appropriate level of abstraction to the mediator. Mediators are applications that
offer a transparent access to the data in distributed resources, being considered for
the users as a single database. In this way, a Semantic Mediation system is a system
that offers transparent access to the knowledge in distributed resources, being con-
sidered as a single knowledge-base. In this context Semantic Mediation systems are
those in which the integrated resources are knowledge-bases (or resources enveloped
to enable their access as a knowledge-base).

In our pilot, we focus on a intermediate kind of systems, Ontology-Based Medi-
ation, in which data resources are kept unmodified and are registered to make their
semantics explicit. The mediator takes advantage of this knowledge about the re-
sources in order to better integrate the information (taking advantage of the semantics
and reasoning mechanisms), but the resources do not change their interface allowing
existing applications to keep using them.

The mediator can be developed from scratch, building all the required com-
ponents to obtain the semantics and then use it to solve the integration problem.
Nevertheless, the pilot uses the SD-Core for building the Ontology-Based Mediation
System, thus avoiding the development of specific tools to deal with semantics.

In the pilot the sources’ query capabilities are published as Web Services (called
in our proposal Data Services). The goal of Data Services is to allow applications to
access data repositories and data providing service functionalities by means of Web
Services. The presented infrastructure (SD-Core) is used to register these services,
defining their semantics with respect to previously registered ontologies.

The architecture of the proposed Ontology-Bases Mediator is composed of four
main components, that can be provided as distributed components. The main advan-
tage of this proposal is that the extension or modification of any part of the mediator
will involve the modification of a single component, keeping the other components
unchanged. The components are described as follows (see Figure 12.4):

• Controller: this component has as main task the interaction with the user in-
terface, providing solutions as ontology instances for user queries (described in
terms of one of the ontologies registered in the semantic directory). The queries
are received as conjunctive queries in terms of one of the ontologies registered in
the SD-Core.

• Query Planner: the task of this component is to find a query plan (QP), using
the SD-Core, for a query described in terms of one of the ontologies registered
in the Semantic Directory (O). The use of the SD-Core in combination with a
reasoner will provide the mediator with the possibility of improving the results.
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Fig. 12.4. Web Interface to make use of the mediator. The start point of this interface allows
the user to search the protein for which he/she wants to know the 3D structure. Below the
query for this first step is shown

Thus, when a query includes a concept, but it is not present in the resources, any
of its sub-concepts could be used to solve de query.

• Query Solver: this component analyzes the query plan (QP), and performs the
corresponding call to the data services implied in solving the sub-queries (SQ1,
..., SQn) of the query plan (R1, ..., Rn).

• Integrator: The results sent by data services (R1, ..., Rn) are composed by this
component, obtaining a set of instances representing the result to the user query.

As far as any of the existing ontologies do not cope exactly with the require-
ments of our project we have started the development of a new ontology, the AMine
Metabolism Ontology (AMMO). AMMO represents the minimum number of con-
nections that can allow us to collect and to connect information from the different
local biomodules considered in an eukaryotic cell. In practical terms, it is an ambi-
tious information flow network, that would require many biocomputational efforts
to be functional on the different Databases and Services associated to each of these
concepts, as well as many validation efforts on experimental amine-related biological
data (as expressed among our aims in the Introduction). At present, we are generat-
ing more specific ontologies, that can be considered as “local ontologies” (to keep
a nomenclature in parallel to the situation in vivo). Of course, these local ontologies
will be progressively integrated in AMMO.

Our present on-going efforts are focused on local ontologies recruiting informa-
tion from Databases and Services on protein structures and interactions with other
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proteins or ligands. As it can be deduced from these lines, once the tools have
been validated on the amine system, these resources could be applied to any other
molecular biology topic. New information concerning predictive models, the AMMO
evolution and validated tools and services generated from it will be available in the
web page (http://asp.uma.es).

The mediator provides methods in order to send queries and retrieve the infor-
mation. However, end-users will not have to implement an application to make use
of the mediator and discover the advantages of our proposal. For this reason we
have provided a first implementation of a front-end to test the mediator from a Web
browser. This Web interface provides several use cases of biological interest in the
ASP project. The queries (described in terms of the AMMO ontology) deal by the
mediator in each use case are shown for expert users with knowledge in ontologies
and conjunctive queries. Other users can run the application in order to get the result
without getting intermediate results (see Figure 12.5).

12.3.3 Conclusion

As stated in the first section, any biological system presents several local
biomolecular interaction networks that can be studied in silico by using differ-
ent technologies, so that emergent information and a more dynamic picture of
it can be obtained. Macromolecular interactions involved in gene regulation and
signal transduction, intercellular communication and metabolic complexes can
be studied by applying Graph Theory [22–25] on the results obtained from data
mining from interaction databases, such as DIP (http://dip.doe-mbi.ucla.edu/), PPI
(http://fantom21.gsc.riken.go.jp/PPI/), Transfac (http://www.gene-regulation.com/
pub/databases.html) and others. The information provided by this technology is
essential to detect elements having the major regulatory weight on the system (mod-
ule hubs or connectors among different modules). The development of better tools
able to join, screen and score the pre-existing information in databases is required
in order to increase fidelity and efficiency of the emergent information from these
approaches.

On the other hand, the behaviour of the different metabolic pathways, respon-
sible for the interchange of compounds and energy with the environment, and their
responses to different alterations (external stimuli, genetic changes and/or drug treat-
ments) can be modelled in silico by following the rules of Enzymology for mathe-
mathical formalization of enzyme kinetic and turn-over and Flux Control Theory
[26, 27]. These technologies make possible a dynamic view of the evolution of the
systems from an initial steady-state to the next, and provide information on the re-
actions with a major incidence on the flux of the pathway, which can change under
different circumstances.

Even a single element (an enzyme, nucleic acid or others) can be considered
as an interactive system, having a three-dimensional (3D) structure responsible
for the information concerning its biological function. The 3D structure of a sin-
gle macromolecule can be obtained by biophysical methods applied on purified
versions of the molecule. However, these experimental approaches (for instance,
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Fig. 12.5. Web Interface to make use of the mediator. The start point of this interface allows
the user to search the protein for which he/she wants to know the 3D structure. Below the
query for this first step is shown
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X-ray crystallography, NMR, and other spectroscopical techniques) frequently
provide us just a static view of the molecule, losing information about confor-
mational changes that are behind any biological function. Protein Data Bank
(http://www.rcsb.org/pdb/home/home.do) stores information on the macromolecular
3D structures characterized so far. Molecular dynamics calculations applied to
macromolecules can overcome this restriction, and it is considered nowadays a very
promising technology for the characterization of biomolecular interactions and drug
design. Even more, when the 3D structure of a given macromolecule cannot be
obtained experimentally, biocomputational tools can allow us to predict its structure,
under certain restrictions, with high-accuracy (for instance, ModWeb Database
and Services, http://alto.compbio.ucsf.edu/modweb-cgi/main.cgi). Then, Molecular
dynamics calculations can also be applied on these predicted structures to obtain
information about dynamics during and after interactions/reactions with different
ligands [28].

In our group, we have developed models at the 3 different levels mentioned
above. For instance, a human transcription factor network model has been obtained,
which clearly shows connectors between inflammation and cancer (two of the pro-
cesses related to amine-metabolism) [29]. We have also developed predictive models
on metabolic pathways related to polyamine metabolism in mammalian (including
human) tissues, that can explain some of the phenomenological results obtained
with transgenic animals and with different drug-treated models in vivo and in vitro
[30, 31]. Finally, by applying protein modelling techniques, the first 3D model for
the enzyme responsible of histamine synthesis in animals and humans was obtained,
which has opened the possibility to design new and more specific anti-histaminic
compounds [32].

All of these technologies involve capture and organization of information coming
from different databases and services. Following our own interpretation of Systems
Biology (see first section), we notice that all local biomodules of a system are con-
nected and should be globally analysed, as far as possible. Reaching this goal is a
long-term project that overpasses the activity of a single working group. Neverthe-
less, supported by the advantages of the Semantic Web (Section 12.2), we can keep
the objective to work on the way to obtain an automated form to integrate both in-
formation and tools in our system. For this purpose, we have designed the presented
architecture.
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