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While the availability of freely accessible
information sources relevant to medicinal
chemistry and drug discovery has grown over
the past few years, the knowledge management
challenges of this data have also grown
enormously: how fo get consistent answers,
how to manage different interfaces, how to
judge data quality, and how to combine and
overlay the data fo generate new knowledge.
Open PHACTS (Open Pharmaological Concept
Triple Store], a consortium of 22 partners, is
poised to address this knowledge management
challenge with semantic web technology to
accelerate drug discovery. Here we describe
the brief rationale, history and approach of
the OpenPHACTS consortium with a final aim
to create an Open Pharmacological Space

(OPS).

Modern drug discovery research is increasingly
dependent on the availability, processing and
mining of high quality data. Analysis and
hypothesis generation for  drug-discovery
projects requires careful assembly, overlay and
comparison of data from many sources. For
example, expression profiles and data from
genome-wide association studies (GWAS)'
need fo be overlaid with gene and pathway
identifiers and reports on compounds in vitro
and in vivo pharmacologyUtility of data-driven
research goes from virtual screening, HTS
analysis, via farget fishing and secondary
pharmacology to biomarker identification.

Over the last 15 years industry has spend
significant resources to integrate public data
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and information sources and align this with
internal, proprietary data while the academic
Medicinal Chemistry research community
suffered from lack of access to large data sets,
especially those including curated bioactivity
data. In contrast fo data from the bioinformatics
world, where whole organism genomes, protein
sequences, and protein structures are available
to everyone, the chemoinformatics community
traditionally is closed and proprietary. Access
to commercial databases of high quality crystal
structures and chemical information requires
licenses, as do most of the software packages
needed. Medium size and large sets of
bioactivity data per se are rare, as large scale
screening efforts have almost exclusively been
performed in industrial laboratories. This has
disconnected industrial and academic drug
discovery efforts and directed academia more
towards method development. Furthermore,
in silico models developed in academia
have largely been restricted to the small and
scattered publicly available chemical space.

This sefting changed drastically with the
NIH roadmap, which led to the creation of
PubChem, a public available depository of
screening data. PubChem currently comprises
31 million compounds, 73 million substances
and 490.000 biocassay results. Others
like DrugBank, ChemBank, IUPHAR, and
ChEMBLdb followed soon and today there
is a panel of databases available which can
be searched for compounds and associated
biological data. The current release of the

ChEMBLdb contains more than 2,4 million
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activities of approx. 623.000 compounds
measured against almost 7.200 targets.?
The latest issue of the Nucleic acid research
database summary lists almost 140 individual
resources in the general field of molecular
biology. However, there is still the urgent need
for cleaning, improving and connecting these
data to the public domain bioinformatics data,
especially with respect fo target validation,
safety, efficacy and bioavailability. As an
example, ChemSpider was set up as a free
access platform for the aggregation, deposition
and curation of community chemistry data,
which has collected almost 25 million unique
chemical structures linked out fo over 400 data
sources. ChemSpider has addressed the issues
around data quality of chemical compound
information available across the public data
sources by running automated cleaning
algorithms and providing wikilike manual
tools for commenting on and editing the
aggregated compound information. Another
milestone was the publication of the GSK ‘Tres
Cantos Antimalarial Compound Set’, a set of
13 533 annotated compound structures shown
to inhibit Plasmodium growth.® This for the
first time allows academia to get access to a
large data set derived under industry settings
and standards and is likely to stimulate anti-
malarial research through chemical biology
and medicinal chemistry.

Public access to large amounts of information,
by means of the open access policy for
databases and  papers, now will assist
academia to contribute in a meaningful manner
to drug discovery. Medicinal Chemists are
thus expected to familiarize themselves with a
multiplicity of highly variable sources and data
formats, and their focus is shifting from data
acquisition, to problem-solving skills, knowledge
management and data integration.*

Nevertheless, there is a real danger that the
high capacity fo generate more data will not be
in sync with our ability fo manage the data well
enough and, more importantly, to transform
these data info biological and biochemical

knowledge. Data integration over multiple
sources is not sufficientfo understand biology, but
it is a prerequisite fo even start to understand the
complexity of any process in living organisms.
As tradifional medicinal chemistry research
is embracing chemical biology and make
increased use of phenotypic screening and
high content biclogy for SAR, the requirements
on data-analysis and integration will increase.’
Unfortunately, this cumbersome and costly
process is repeated across companies, institutes
and academic laboratories. This represents a
significant waste and an opportunity cost and
effectively slows down scientific progress and
consequently biomedical intervention.

The emerging semantic web technologies
and approaches are one way to address
this major bottleneck in contemporary high
throughput science. Simply put, “semantic
web approaches” aims to establish unique
identifiers for the concepts and entities within
a given domain fo allow effective connections
to be made between data sources. More
ambitiously unique identifiers are not only
assigned to “things” (e.g. a compound) but
also assigned fo concepts such as “hydrolyses”,
“is a”, etc (e.g “NaCl is a salt”) to allow
more advanced search and reasoning over
large datasets. In the chemistry domain the
CAS-number is an example of such a unique
identifier; another one is the IUPAC InChl which
rapidly gains popularity and support. As data
volumes increase we would want to address
increasingly complex search questions and
rapid answers to questions such as “provide
all compounds which have been associated
with liver toxicity and list their interaction
profiles with the transporters expressed in the
liver" are becoming crucial for the success
of drug discovery research programs.
Currently, answering such a broad question
requires cumbersome parsings, reading and
integration efforts. The ideal situation would be
an immediate answer to this question, with the
full possibility to ‘drill down’ in the underlying
information resources for deeper investigation.



The Concept Web Alliance (CWA), formed in
2009 and comprising over 90 participants from
academia and the private sector worldwide,
is a collaborative community seeking fo apply
semantic concepts to deal with the massive
amounts of information flooding the biological
sciences and (later) other scientific disciplines.
Many participants are also participants
or members of other related networks and
alliances, such as the W3C, the Pistoia
Alliance and SageBionetworks, to name just
a few. Collaboration of these like-minded
alliances is a stated aim of CWA, which is
built on the principles of Open Source, Open
Access and Open Data.  The rationale for the
CWA semantic web approach is that classical
data warehousing methods are no longer
scalable to the size, spread and complexity
of life science datasets, information resources
and data analysis needs. These aims fit very
well with the challenges already identified in
harnessing public data for drug discovery.

Afirst step fowards better global data integration
and innovative ways fo manage these data to
produce meaningful information and finally
knowledge is obviously the interoperability of
the various data and information sets. Although
standards are indispensible to this process, the
discussions about standards can be lengthy
and in fact may have an inherent potential side
effect of blocking the very process it aims to
accelerate. The consequences of not agreeing
to common standards are evident when
looking on public bioactivity data bases such
as PubChem, BindingDB, and DrugBank. All of
them host a broad range of pharmacological
activity data, mostly manually curated, which
are accessible through various web-based
tools. However, the lack of common standards
for representation of these data makes it
excruciatingly time consuming to exploit the
information present. Nevertheless, in a fully
connected world where many different teams
are providing valuable, but specialist, data-
sources fop down approaches as e.g. previously
enforced by IUPAC for chemical nomenclature,
will most likely fail in the biomedical domain.

As an example, the CWA has adopted the
approach of ‘bottom up standard setting by
best practices’. Recognizing that the power
of standards lies in their widespread adoption
the CWA firmly believe that the only long-
term sustainable model for a scientific system
to support global computational biology
approaches as needed is full openness around
the core semantic components, vocabularies
and interfaces. However, this does not preclude
the exposure and the delivery of proprietary
content, nor does it preclude value-added
closed-source or commercial services delivered
on top of this system.

In order to succeed and gain widespread
community adoption, this approach  will
need to go way beyond the current state
of the art of tools in the life sciences and
semantic web domain. The transition from
classical, hypothesis driven research towards
systems approaches requires rigorous new
methodology. A further key challenge is that
current data sources are largely incompatible
with massive computational approaches and
the vast majority of drug-discovery sources
cannot easily interoperate. Recently developed
data and text mining approaches, improved
data capture standards, and leveraging
semantic web technology open a firsttime-
opportunity to achieve interoperability through
the semantic harmonization of data in key data
sources. A priori data inferoperability ‘at the
source’ would therefore be a desired long-ferm
effect of this distributed approach. Regarding
questions around longferm sustainability of
available resources, recent studies in the scope
of the ELIXIR project have shown that out of 531
databases surveyed, 63 were either not online
anymore or had not been updated since 2005
and, for a further 78, the update status was
unclear. More importantly, less than 10% of
the biomolecular resources surveyed indicated
that they had multi-annual funding secured.
The data resource landscape is therefore very
fragile and a large and influential consortium
involving academic as well as industrial drug-
discovery partners can play an important role
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in capturing the most important ‘assertional
content’ globally in a stable, interoperable and
sustainable format.

The semantic approach, is based on the
extraction and encoding of freetext, table,
image, molecular sequence and structured
information in Resource Description Framework
(RDF) assertions that together with provenance
data to form the basic building block of
interoperability. The concept of RDF “triple”s
(extracted  simple assertions, also called
nanopublications by CWA) has already been
adopted by a wide and rapidly expanding
community and is being implemented both
for bioinformatics and chemogenomics. For
instance, the Bio2RDF.org project aims to
transform different sources of bioinformatics
data info a distributed platform for biological
knowledge discovery.” Initially, the authors
focused on building a public database of open-
linked data with web-resolvable identifiers that
provides information about named entities.
This involved the conversion of open data
represented in a various formats to RDF-based
linked data with normalized names. Bio2RDF
entities also make reference to other open
linked data networks thus facilitating traversal
across information spaces. Bio2RDF is currently
indexing around 5 billion friples, and is built
with the open source Virtuoso database.
However, currently the redundancy problem
is not yet handled in Bio2RDF and in the
linked open “data<loud” in general. One step
further is the Chem2Bio2RDF initiative, which
comprises a repository aggregating data from
multiple chemogenomic data sources that is
crosslinked to Bio2RDF. Chem2Bio2RDF also
includes a tool fo facilitate query generation as
well as a set of extended functions to address
specific  chemical/biological search needs.
Potential usefulness in specific examples of
polypharmacology, multiple pathway inhibition
and adverse drug reaction-pathway mapping
has been demonsirated.® Another very valuable
source recently launched is ChemProt (www.
cbs.dtu.dk/services/ChemProt/), a disease
chemical biology database, which is based

on a compilation of multiple chemical-protein
annotation resources, as well as disease-
associated profein—protein interactions (PPls).?
ChemProt comprises more than 700.000
unique chemicals with biological annotation
for 30.578 proteins, leading to more than
2 milion  chemical-protein interactions,
which were integrated in a quality scored
human PPl network of 428.429 interactions.
ChemProt can assist in the in silico evaluation
of environmental chemicals, natural products
and approved drugs, as well as the selection
of new compounds based on their activity
profile against most known biological targets,
including those related to adverse drug events.
Nevertheless, the increasing availability of
linked data sources also requires innovative
browsing and navigation tools, such as iPHACE
(cgl.imim.es/iphace/).’® iPHACE represents
an integrative web-based tool to navigate in
the pharmacological space defined by small
molecule drugs contained in the IUPHAR-DB,
with additional interactions present in PDSP.
Extending beyond traditional querying and
filtering tools, iPHACE offers a means to extract
knowledge from the target profile of drugs as
well as from the drug profile of protein targets.

Open Pharmacological Space

In light of all these developments and in
order to foster public-private partnership the
Innovative Medicines Initiative launched a call
for development of an Open Pharmacological
Space fo establish a set of practical standards
for the major public drug discovery resources
and to implement these standards in a public
infrastructure to the benefit of both pharma
and academic drugdiscovery communities.
Open PHACTS, the winning consortium, will
concentrate on a semantic web approach to
develop an open source, open standards and
open access innovation platform (OPS). The
Open PHACTS project will be one of the first
international aftempts to create a reliable and
scalable system, a common product beyond
collective prototyping. OPS aims to deliver a
sustainable, reliable web based environment



through proven agile software engineering
models. OPS will comprise data, vocabularies
and infrastructure needed to accelerate drug-
oriented research. This semantic integration
hub will address key bottlenecks in small
molecule drug discovery: disparate information
sources, lack of standards and shared concept
identifiers, guided by well defined research
questions assembled from participating drug
discovery teams. Workflows for data capture,
processing, interoperability,  visualization,
and chemogenomics will be developed to
create a comprehensive Systems Chemical
Biology Analysis Network. Security issues
around proprietary data, shared via the CWA
nanopublication system and accessible for
safe querying and reasoning will be properly
addressed with expert trusted parties. The core
Open PHACTS consortium comprises 14
European core academic and SME partners as
well as 8 EFPIA members, with leading experts
in the fields of data mining, annotation, small
molecule data storage and manipulation, target
related bioinformatics, RDF4ype information
handling, massive in silico reasoning and
chemical biology. Noteworthy, Open PHACTS
is not only open in terms of data but also in terms
of the consortium itself. With the alignment of
other Knowledge Management projects in IMI
and a wider community of like-minded partners
it is likely that already in 2011 the approach
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