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‘Omics’ technologies have changed the arena of life sciences re-
search forever. They allow generation of data at a large scale, start-
ing with whole-genome sequencing and followed by microarray
gene-expression analysis and mass spectrometry of proteins and
metabolites. Data are produced at a startling rate by a constantly
growing number of new high-throughput and/or genome-wide
biotechniques at each cellular level: genomics (DNA), transcrip-
tomics (RNA), proteomics (protein), metabolomics (metabolite)
and phenomics (phenotype). With nanotechnology and labora-
tory-on-a-chip applications the end of this development is not yet
in sight.

Omics technologies require substantial paradigm shifts for the
way life sciences research is carried out (Table 1) [1]. For instance,
instead of gene-by-gene analysis, whole genomes can be analyzed.
This steers life sciences towards a more holistic, or ‘systems’, as well
as data driven approach. Omics experiments are relatively expen-
sive, which forces scientists to focus on advanced design for 

experimentation as part of a whole-chain research approach.
Furthermore, the data generally contains information outside the
scope of the original experiment. Hence, to maximize the proceeds,
omics data needs to be reusable, shareable and suitable for in 
silico experiments. All of this poses high demands on annotation
of data and standardization of data formats. Furthermore, the con-
version into information and knowledge to support scientists an-
swering biological questions requires advanced analysis methods
and tools that enable mining and integration of these complex
datasets [2].

The bottlenecks for life sciences have shifted from data genera-
tion to data storage, preprocessing, analysis and interpretation. The
challenge is to remove these bottlenecks by a combination of life
sciences and information technology (IT). The area that deals with
this challenge is called enhanced-science (e-science) and is char-
acterized by multidisciplinary collaborations [3,4]. Some key as-
pects here are remote collaboration, data and resource sharing [5],
data integration, information management and knowledge han-
dling. The integration of methodologies and infrastructure needed
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for e-science experimentation form the basis for the concept of a
virtual laboratory (VL) [6].

This review will describe the origin, concept, structure and prom-
ise of a VL in the broader context of life sciences and informatics
R&D. We will also indicate the specific relevance and promise that
VLs could hold for drug discovery.

Virtual laboratory drivers
Biological, economical, and information and communication
technology drivers
In contrast to their longstanding tradition in the development of
biotechnology, life scientists have little experience in dealing with
large information-rich datasets. Yet, especially when integrating
these datasets, a system can be studied as a whole (systems ap-
proach), patterns can be recognized, models tested, networks of re-
lationships built, biomarkers for diagnostics identified and leads
for drug development discovered. Ideally, life scientists will work
in an e-science environment in which they can conveniently per-
form these tasks to design experiments, build models, indicate the
tenability of a hypothesis, or be notified in case of availability of
distant data or methods [7].

The increasing complexity of science makes it economically im-
possible to build up all the necessary skills and competence at one
location [4], which is also true for research laboratories of multi-
national companies that operate on a global scale. In general, 
e-science environments should provide an IT infrastructure that
allows for reuse and sharing of data, methods, experimental de-
signs and knowledge within a setup of (ad hoc) collaborations, in
which the whereabouts of scientists and data are not important.

All of this is feasible due to the recent development of high-per-
formance networking [8] using optical network technology that
makes resources at remote locations accessible. High-performance
networking thus enables new, communication-intensive ways of
working (e.g. pooling computational resources, streaming large
amounts of data from databases or instruments to remote 
computers, linking sensors to each other and to computers and
archives, and connecting resources in collaborative environments).
At the same time it will allow high-performance and high-through-
put computing with so-called parallel computers in a distributed
environment like the computational Grid.

Drug discovery driver
The omics revolution has already had a major impact in drug dis-
covery with respect to target identification, selection and valida-
tion because a better understanding of phenomena at the molec-
ular level can improve the whole drug discovery process [9–14]. It
holds the promise of larger numbers of more efficacious drugs with
fewer adverse effects at a lower total cost [12]. Despite this, the drug
developing industry has been struggling with overall low produc-
tivity in recent years. Research costs are exploding and the num-
ber of new drug applications is falling [15]. There is little debate
about the usefulness of omics technology in drug discovery [16–18],
even though the ability to generate data has outpaced the ability
to understand it, which limits its current applicability to drug 
discovery. Even more than the life sciences community, the drug
discovery community is in the relatively slow process of integrat-
ing omics technologies into research [13] because huge investment
is required to adjust to the omics paradigm shifts (Table 1), and

time is a coercive factor. This is compounded by the fact that drug
discovery deals with the complexity of a whole chain – from the
molecular to the organism level – simultaneously. Nevertheless, in-
dustrial drug discovery data are usually of high quality, because
of ample resources and laboratory standardization, good regula-
tion, a well-defined pipeline and a distinct final goal, all of which
form an extremely good basis for application of an omics approach
in drug discovery. Recent literature about omics’ usefulness in drug
discovery provides a wide range of potential solutions, from out-
sourcing to adopting a systems or integrative biology approach
[19–26]. However, although none of these solutions will provide
the ultimate answer to today’s drug discovery problems [27], they
all share elements of collaborated use of distributed resources, reuse
of data and methods and computer support. This is exactly what
VLs are about.

Why is it taking so long to develop a virtual laboratory?
Despite convincing pull-and-push factors, it is taking a long time
to develop a VL. Much isolated work is being done on e-science ap-
plications and networking infrastructure. However, to obtain the
envisioned e-science environment, the entire chain – from appli-
cations via generic software components to networking – must be
studied and built collaboratively and systematically. Then again,
building and implementing is generally not considered a task for
academic research groups and, moreover, it takes time to bridge
the gap between scientists from different backgrounds who often
are subject to the conflict between common goals of the collabo-
ration and short-term goals demanded by their own field. This
catch-22 situation slows down progress but the potential benefits
will eventually outweigh current obstacles. Funding of e-science
projects as such partly takes away such obstacles.
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TABLE 1 

Trends in life sciences research due to the omics revolution. 

Pre-omics era Omics era 

Limited parameters Genome-wide 

Small datasets Massive datasets 

Limited data reuse Extensive data reuse 

Limited data sharing Extensive data sharing 

Data 

Poorly annotated Use of metadata and 
standards 

Relative inexpensive Expensive 

Hypothesis-driven Data-driven 

Simple design Advanced design 

Experimentation 

Wet-laboratory In silico

Straight-forward Complicated Analysis and 
interpretation Basically manual Strongly computer aided 

Segmented Whole-chain 

Reductionistic Holistic 

Research 
approach 

Mono-disciplinary Multi-disciplinary 

Experimental Conceptual 

Limited collaborations Extensive collaborations 

Long-standing collaborations Ad hoc flexible virtual 
organizations 

Science 

Conventional e-Science 
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Conceptual framework
In the conceptual framework, e-science is about the collaborative
and computer-aided approach of any science. Thus, e-science ap-
plications are the drivers for, and the users of, VLs. VLs provide the
tools, methods and infrastructure to enable e-science experimen-
tation. Problem-solving environments (PSEs) are the domain-
specific experimental environments equipped with generic and
specific VL parts and populated by virtual organizations (VOs)
(Figure 1).

General concept of e-science
The term ‘e-science’ was introduced around 1999 by John Taylor:
‘e-Science is about global collaboration in key areas of science and
the next generation of infrastructure that will enable it’ [4].

E-science can signify digitally enhanced, or electronic, science,
originally defined by being at least based on high-power comput-
ing and high-speed networking [4,28]. It is a paradigm for doing
science in global collaboration enhanced by advanced comput-
ing and communication technologies and driven by floods of data
coming from a variety of sources.

The heart of any science domain is its knowledge space
(Figure 2), which has been defined as ‘the sum of all types of (pro-
prietary) data and information within the scope of interest and
composed of relevant databases, information sources, document/
knowledge bases, metadata and a knowledge map’ [29].

The success of an e-science approach depends on the support
for such a knowledge space. Collaborative use of it by humans and
computers must be accommodated. Therefore the knowledge space
must be formalized, that is, based on a shared and computer-readable
conceptualization of a domain. Hence e-science collaborations will
stimulate the creation and preservation of formalized knowledge
spaces by the use of ontologies and through the implementation

of federation schemas or semantic webs [30]. Ontologies are a for-
mal way of representing knowledge in which concepts are de-
scribed by their meaning and their relationship to each other [31].
Formalized knowledge spaces allow for reuse of elements from
other formalized knowledge spaces, which is even more important
because science is increasingly carried out in globally distributed
and frequently changing collaborations (i.e. virtual organizations,
as detailed later).

General concept of a virtual laboratory
At the Expert Meeting on Virtual Laboratories (Ames, IA, USA, 1999)
organized by the International Institute of Theoretics and Applied
Physics, a VL was broadly defined as ‘an electronic workspace for
distance collaboration and experimentation in research or other
creative activity, to generate and deliver results using distributed
information and communication technologies’.

Furthermore, VLs were considered to be neither replacements
nor competitors for real laboratories, but rather as extensions that
hold new opportunities not realizable within a real laboratory at
an affordable cost. Alternative terms associated with the VL con-
cept include ‘collaboratory’ and ‘distance collaboration group’.
William Wolfe, who coined the word collaboratory in 1989, de-
fined it as ‘a center without walls, in which the nation’s researchers
can perform their research without regard to geographical location
– interacting with colleagues, accessing instrumentation, sharing
data and computational resources and accessing information in
digital libraries’.

Since then, the VL concept has been expanded to advanced op-
portunities for integrated teaching, research and promoting cross-dis-
ciplinary research. Essentially, VLs are about moving towards dynamic
and ad hoc organizational structures in society and as such they
can encompass almost all spheres of human intellectual endeavor.

FIGURE 1

A concept of a problem solving environment for e-science experimentation in life sciences (e-bioPSE). A virtual laboratory (VL) provides tools, methods and
infrastructure to create an e-bioPSE. A VL consists of three stacked layers: a Grid VL layer for large scale distributed computing; a generic VL layer that provides the
generic methods, tools and infrastructure; and a specific VL layer that interfaces between the application domain and the generic VL layer. An e-bioPSE stretches
from the specific application domain into the Grid VL layer and comprises several supporting environments (see main text for details) defined by the demands of
the entire application research chain as indicated.These PSE elements are assisted by communication and collaboration support. Abbreviations: ICE, interactive
and creative environment; ESE, experimentation support environment; DSE, decision support environment.
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The fundamental principles of VLs are collaboration together
with data and resource sharing in a manner independent of time
and place [32]. In life sciences, VL development is boosted by the
new omics research adage – ‘collaborate or perish’. Features of a VL
comprise the following: they are based on the exchange of method-
ologies from different science areas and, as such, are highly mul-
tidisciplinary; they can house virtual organizations of public and
private partnerships; they demand controlled data and resource
sharing in a secure environment to promote reuse of valuable data;
they cover the complete e-science technology chain from appli-
cations to networking; they comprise a distributed environment,
as required by the time and place independency; and they aim
for generic solutions that result in reusable components. Once the
basis of a VL is established, it will be an ever-expanding entity by
the introduction of new applications, additional methodologies
and various collaborations.

General concept of a problem-solving environment
The term PSE originally emerged in the 1960s with the first high-
level computer languages, but the limited computer power then
prevented any practical use. PSEs are commonly described as com-
puter systems that provide all the computational and method-
ological facilities necessary to solve complex problems in a specific
domain [33]. A characteristic of PSEs is that they use the language
of the problem domain, so they can be used without specialized
knowledge of the underlying computer hardware or software
[34,35]. Straightforward PSEs are software solutions to a specific
area, such as SAS® and SPSS® for statistics. In the context of a VL,

a PSE acquires enormous potential because it harnesses the power
of the underlying VL elements. For example, achievements in 
distributed Grid computing can be used in a secure environment
that is dedicated to a specific virtual organization, such as a drug
discovery partnership. Problem solving and experimentation are
enhanced by: (i) workflow tools for designing experiments; (ii) 
environments in which data can be handled securely; (iii) tools
to integrate data from different sources; (iv) access to data and 
information by data mining and visualization methods; (v) knowl-
edge handling facilities (e.g. for modeling); and (vi) facilities, such
as data sharing and notification, for collaboration in virtual or-
ganizations. PSEs are domain-specific and expandable; they are
built by ‘e-science aware’ domain experts, middleware experts and
Grid experts by reusing generic technology, developing missing VL
parts and creating domain-specific components.

General concept of a virtual organization
VOs are dynamic and ad hoc organizational structures made up of
joint ventures, industrial partnerships and subcontractual arrange-
ments. Hence, a VO is any pattern of organization based around dis-
tributed physical, human and knowledge resources, and – most usu-
ally – tied together with information technology systems that enable
such resources to perform value-added activities [36]. This enables
disparate groups of organizations and/or individuals to share resources
in a controlled fashion, so that VO members can collaborate to
achieve a shared goal [37]. This started nearly two decades ago in
high-energy physics with the emergence of ‘big science’. Now these
flexible collaborative networks are also emerging in life sciences.

REVIEWS

FIGURE 2

A problem-solving environment in drug discovery. (a) The information flow of five pharmaceutical product classes: small-molecule medicines, biopharmaceuticals,
diagnostics, surrogate markers and knowledge bases.The path for small-molecule medicine is shown in black, whereas the other paths are shown in the color of
their product class. (b) Each phase in the drug discovery cycle for small-molecule medicine is supported by a dedicated sub-PSE in the context of a master PSE.The
sub-PSEs use and augment one knowledge space that can also be used by PSEs for other pharmaceutical product classes (not shown). Generic VL methods of any
sub-PSE can be reused in any other sub-PSE. Abbreviation: MSE, medical safety and evaluation. Adapted, with permission, from Ref. [43].
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Virtual laboratory structure
A VL can be divided into three stacked layers: a specific VL layer,
a generic VL layer and a Grid VL layer. The specific VL layer inter-
acts with the individual application domains (Figure 1). The generic
VL layer enables the specific VL layer to use complicated Grid 
and network technology of the Grid VL layer. Each layer has its
own methodologies (for example, see Table 2), as well as its ac-
companying information and communication technology (ICT)
infrastructure to support specific demands. Although boundaries
between these layers are fuzzy, as a rule, methodologies and ICT
infrastructure become more generic towards the lower layers.
Hence, increasing reuse of methodology at lower layers by higher
layers is an important feature of a VL. In essence, a VL is a collec-
tion of tools and methods which are used at choice in any given
PSE that constitutes the experimental environment for a specific
domain.

The Grid virtual laboratory layer
Large-scale distributed computer environments involve the actual
networking services and connections of a potentially unlimited
number of ubiquitous computing devices. Such a distributed in-
frastructure is, in analogy to the electric power grid, often referred
to as a ‘Grid’ [4]. Ian Foster and Carl Kesselman, pioneers of the
Grid, define it as an enabler for virtual organizations: ‘an infra-
structure that enables flexible, secure, coordinated resource shar-
ing among dynamic collections of individuals, institutions and 
resources’ [37,38].

Grids are often classified by their content and level of integra-
tion as: (i) computational Grid; (ii) data Grid; (iii) information web
or Grid; and (iv) semantic web or Grid [3,39–42]. A major purpose
of the technology in the Grid layer of a VL is to manage the re-
sources necessary for e-science. It shields computer operating
specifics from the user, allows resource management and facilitates
access to shared resources between scientists in a secure fashion.
The necessary Grid infrastructure will inevitably be substantially
more complex than the infrastructure used to serve pages on the
Web. Resources here include not only entities like computing

power, memory capacity or communication speed, but also ab-
stractions such as data storage, information sources and physical
resources like mass spectrometers.

The generic virtual laboratory layer
The generic VL layer is at the heart of any VL. It provides the
generic methods, tools and infrastructure to use Grid technology
to meet the demands from the applications [6]. Because many dif-
ferent applications feed into the generic VL layer by using their
own PSE, the available methods and techniques must be generi-
cally applicable. Elements of this layer include the generic parts of:
(i) architecture to support interactive high-performance and high-
throughput computing; (ii) collaborative information management
methods, such as metadata catalogues and ontologies; (iii) work-
flow processing tools; (iv) adaptive information disclosure by a
suite of dynamic model-driven information and knowledge-
extraction methods and techniques; (v) advanced visualization
tools; and (vi) intuitive end-user interfacing. The methodology and
functionality of the generic VL layer forms the basis for the appli-
cation-specific PSE. In essence, this layer should hold all the nec-
essary tools and expertise to build a PSE. Tools must be as generic
as possible to allow for easy plug-in capability.

The specific virtual laboratory layer
The specific VL layer provides the interaction between the appli-
cation domain and the generic VL layer. In a way, the specific VL
layer will allow the application domains to adopt an e-science 
approach. This is done by creating domain-specific PSEs. This layer
consists purely of the domain-specific parts of PSEs. It provides do-
main-specific methods, tools and infrastructure, which are either
adapted from the generic VL layer or are created. Elements of this
layer are the specific parts of those mentioned in the generic VL
layer.

Problem-solving environment elements
A PSE stretches from the specific application domain into the Grid
VL layer (Figure 1) and comprises several supporting environments

TABLE 2 

Important methodologies for each layer of a virtual laboratory 

VL layer Methodology Concerns 

End-user interface  Providing easy access for novice users to PSE

Text mining Retrieving information from literature and other text sources

Data mining Retrieving information from data sources

Data analysis Turning data into information and knowledge 

Data integration Associating individual data sources 

Specific 

Semantic modeling Modeling the domain knowledge

Visualization Displaying information in a user configurable way

Workflows Methods and infrastructure to support for process flows

Information disclosure Dynamic model driven information and knowledge extraction

Generic 

Information management Data and meta-data federation to store and manipulate data

AAA Authentication, authorization, and accounting

Data storage Distributed data storage

Storage brokerage Mediating access to diverse data sources

Cycle scavenging Computing by using idle resources

Grid 

ICT infrastructure Networked, large distributed environment
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defined by the demands of the entire application research chain.
Different PSEs relate on a technical level through generic elements
from the generic VL layer and the Grid VL layer and communicate
on a content level via the formalized knowledge space (Figure 2).
The components of a PSE supporting four different phases of a life
sciences research cycle that is applicable to drug discovery are 
discussed below (Figure 1).

An interactive and creative environment
A whole-chain research process starts with an exploration of the
problem domain. The purpose is to make an inventory of relevant
data, information, knowledge and ideas often hidden in databases,
literature and the minds of experts, and then use this in the 
creative process of defining the problem, generating new hy-
potheses and drawing-up primary models. These processes are 
carried out in face-to-face, multidisciplinary collaboration between
e-scientists and problem owners, such as molecular biologists and
medical doctors. The interactive and creative environment (ICE)
supports all of this with: (i) information retrieval methods to 
disclose information; (ii) semantic web technology to provide a
common framework for referencing data sources and their associ-
ated metadata; (iii) bioinformatics tools to perform explorative
analyses and visualize information; (iv) knowledge-capture meth-
ods to model information; and (v) grid technology to support 
collaboration between scientists from different disciplines and at 
remote locations.

The experimentation support environment
In the next e-science phase, the actual wet-laboratory and in silico
experiments are designed, executed and interpreted in the context
of modeled domain knowledge. This involves the generation of
data and related metadata, data modeling, computational experi-
mentation and associated methods. This again requires an inter-
active environment for collaborating with multidisciplinary teams
of experts. The experimentation support environment (ESE) pro-
vides all necessary data integration tools, metadata-related services
and content-driven modeling methods for actual experimentation.
It will do so in a highly configurable way, allowing researchers to
embed the process from design for experimentation (up to the 
enhancement of knowledge models) in workflows. Information
about version, date, location and type of the data and services used
(i.e. provenance data), will be captured from the workflow tool.
Additionally, notification services can be set up to inform project
teams when services or data are modified or when new results are
available [43]. To be able to make these large amounts of hetero-
geneous data in the PSE interoperable, data needs to be annotated,
for example, using ontologies and Life Sciences Identifiers [7,44].

The decision support environment
The decision phase – whether to enter the next stage in a research
project or to phase out – is carried out at a managerial level. To
make the right decisions, it is crucial to have the right information
at the right time [45]. The decision process can benefit from a wide
range of support technologies, such as report generation tools,
search interfaces, alerts generators, or rule-based or machine learn-
ing engines [46]. Because decision takers are often pressed for time
and lack the expertise to work with complex scientific tools, the
decision support tools should have a high level of automation and

provide comprehensive summaries with convincing facts. These
facts come from within and from outside the PSE. The decision
support environment (DSE) is able to deal with all these require-
ments and is still accessible through a user-friendly interface.

Communication and collaboration support
Communication and collaboration (CandC) are essential in the
functioning of VLs. Types of CandC in a VL and means by which
they are enacted are: (i) CandC between experts by enabling easy
contact plus data and information exchange [47]; (ii) metadata
communication by standardization and ontology-based modeling
[7,31]; (iii) communication between data and experimenter using
a wide array of visualization tools; (iv) communication between
computer tools and/or environment and experimenter by means
of intuitive end-user interfacing tuned to the level of the user; and
(v) communication between computer resources via Grid tech-
nology. All components of a PSE must deal with these types of
CandC to varying degrees. Because the support elements of CandC
are generic parts of the VL, they are tackled in the generic VL layer
and the Grid VL layer.

Virtual laboratory-like examples
Elements of the basic VL concept have successfully been imple-
mented in some areas in life sciences. Some VL-like examples are:
• The cancer biomedical informatics Grid (caBIG) [48–50] is a grid

environment primarily aimed at cancer research. The core of
caBIG is a set of biomedical object models, implemented in Java
middleware, which is connected to the US National Cancer
Institute (NCI) databases and realizes data federation.

• The biomedical informatics research network (BIRN) is about
data federation with a focus on neuroimaging [51]. Data from
26 research sites is managed through the BIRN virtual data Grid
and is federated by a mapping to shared knowledge sources
using ontologies and spatial atlases. Tools for analysis and vi-
sualization are made available through a single sign-on Java Grid
interface.

• The myGrid project is a dedicated and independent PSE and is
an open-source service-oriented environment for bioinformat-
ics [39]. It supports virtual organizations and the use of distrib-
uted resources. MyGrid offers the middleware to perform in silico
experiments, which consist of distributed queries executed
through internet services, and workflows [43,52].

• The virtual laboratory for e-science (VL-e) develops e-science
PSEs for several scientific areas, such as high-energy physics,
medical imaging and bioinformatics. Thus, VL-e is about high
performance computing, real-time processing, data federation,
workflows and semantic modeling [46]. By developing middle-
ware that is as generic as possible, elements and data will be
reusable.

Drug discovery problem solving environment
A VL can also be employed by the drug discovery domain by using
a drug-discovery-specific PSE. The life sciences process flow as de-
picted in Figure 1 also applies to each individual part of the cyclic
drug discovery process (i.e. target identification and validation,
lead discovery and optimization, medical safety and evaluation,
drug development, clinical trials and drug approval) (Figure 2a)
[45]. At the same time, various parts are used by pharmaceutical

REVIEWS
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product classes (i.e. small molecule medicine, biopharmaceuticals,
diagnostics and surrogate markers) [45]. Thus, there will be nu-
merous dedicated drug discovery sub-PSEs (Figure 2b). Although
this might appear overwhelming at first, it is this modularity that
makes the concept of a drug discovery PSE feasible [6]. When the
basic framework of a VL and a drug discovery PSE is established,
the individual drug discovery sub-PSEs can be created separately.
Following the VL concept, the generic methods of any sub-PSE can
be used in any other sub-PSE. This will actually speed up the de-
velopment of a drug discovery PSE over time and, as such, it is an
ever-expanding resource for its users. It will promote data and in-
formation reuse and will preserve and augment the capital of drug
discovery, that is, the drug discovery knowledge space. This be-
comes increasingly important because drug discovery virtual or-
ganizations operate on a global scale and change frequently due
to mergers, acquisitions and outsourcing [21,22].

Because the VL approach is a scalable concept, every (virtual) 
organization can in principle develop their drug discovery PSE.
However, for the time being, building a functional VL environment
is such an endeavor that it only can be developed in a large-scale
collaborative manner. Drug discovery PSEs are about communi-
cation and collaboration along the entire chain of the drug 
discovery process and about creating a durable knowledge space.
In a sense, analogous to the underlying utility Grid concept, PSEs
allow access to data, information, and knowledge Grids, plus the
appliances and computational power to use them.

Although no drug discovery PSEs currently exist, and the re-
quirements for such PSEs will have to be worked out, it is clear that
drug discovery PSEs will share facilities for high performance com-
puting, tooling, data-plus-workflow management and collabora-
tion. Some examples are presented below to illustrate the benefits
of a VL at two stages in the drug discovery cycle and for the 
development of a drug discovery knowledge space.

Target finding and validation
One reason for the recent decrease in the number of new molecu-
lar entities (NMEs) [15] could be that targets, identified by animal
models and genomic analyses, are not relevant to the studied dis-
ease [11]. An approach to overcome this is presented by the ‘High-
Throughput Human Disease-Specific Target Program’ [11], which
uses a single algorithm to combine single nucleotide polymorphism
genotyping of patients with their complete clinical and demo-
graphic information. Embedding and using gene–disease associa-
tion methodologies in a drug discovery PSEs will have the advan-
tage that the obtained data, information and knowledge can easily
be used in conjunction with analysis methods already available in
VL. In the ICE, this involves knowledge representation and visu-
alization [20], which enables introduction of external data, litera-
ture and clinical models of the disease for simple correlation ex-
periments and multidisciplinary discussions. This will generate
insight into the mechanisms of action of a disease that can cor-
roborate target identification. In the ESE it will be feasible to eas-
ily evaluate and use, for example, several state-of-the-art statistical
algorithms for genetics. In the DSE, the entire target finding route
can be overseen because VLs are workflow-based and able to hold
provenance data. Thus the decision process can be based on sci-
entific information and knowledge. The gap that exists between
superficial ‘Powerpoint bullet’-style feedback and detailed monthly 

reports [53] is thus effectively closed and drug discovery teams can
be adequately informed [43].

Lead discovery and optimization
The question Hodgman [45] raises – ‘Why screen compounds that
others have found to be toxic? – reflects current information man-
agement problems in lead discovery and optimization. HTS has
moved from trying to optimize lead discovery by using ever-
expanding compound libraries, towards high quality libraries that
consist of (pure) chemicals, permutated around several promising
scaffolds, pre-selection of compounds [16] and targeted libraries
[54]. Optimizing this process requires introduction of information
about structure and function of proteins and ligands. This, in turn,
is only feasible with comprehensive information and knowledge
management tools, such as ontologies, which will be available in
a drug discovery PSE. Another obstacle in lead discovery and op-
timization is the demand for computing power for structural-based
virtual screening methods [55–57]. The applied docking algorithms
are computationally demanding, although the calculations can be
distributed over many computers. Big pharmaceutical companies,
such as Bristol-Myers Squibb and Novartis, have configured stand-
alone solutions that, by using idle time of thousands of desktop
computers (cycle-scavenging), acquire teraflops of cheap computing
power. Instead of stand-alone solutions, high performance com-
puting is more easily accomplished by use of global Grid compu-
tation, which is accessible via VLs.

Drug discovery knowledge space
Information and knowledge is diverse throughout the drug dis-
covery cycle. From target-finding to clinical trials, the character of
data repositories moves from being centralized to distributed and
the data itself tends to get more complex, connected and hetero-
geneous [26]. All the data, information and knowledge generated
in a drug discovery organization over time result in a knowledge
space, which is the most important R&D capital of that organiza-
tion. However, current drug discovery knowledge spaces are not
formalized nor organized in a generic fashion. Therefore, the con-
tent of these knowledge spaces is difficult to access and combine,
thus limiting data sharing, reuse and collaboration throughout the
entire drug discovery cycle. This results in suboptimal exploration
of the knowledge space contents by, for instance, not recognizing
possible attrition in early stages of drug discovery [30,58]. An at-
tempt to organize drug discovery knowledge space is PharmGKB
[59], which is web-based and uses genotype and phenotype cate-
gories to integrate information on diseases, drug-centered path-
ways, drugs and genes. Registered users can submit data in a secure
fashion, which can be used in federation with data already pres-
ent in PharmGKB. Although extremely helpful, the information
model cannot be extended by users. To achieve a general solution
for data sharing, data reuse and collaboration, VLs offer generic
methods to model knowledge. Drug discovery knowledge spaces
can be structured in a VL environment by employing common on-
tologies in combination with drug-discovery-specific ontologies
[7,60].

The promise
There are no easy answers to the current problems of drug discov-
ery. With the large-scale data generation in the life sciences by
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omics biotechnologies, matters have become increasingly compli-
cated. More details do not automatically mean more answers. At
the same time, developments in ICT hold the possibility of sup-
porting the solutions needed to get the drug discovery process
afloat. A VL based on a Grid-layer (for data communication and
computation), a generic VL layer with reusable methods and tech-
niques (for information management, knowledge extraction, data
analysis and data reuse) and a specific VL layer with methods and
expertise to interface between the drug discovery domain and the
generic VL and Grid-layer, holds the promise of a functional drug
discovery PSE. This drug discovery PSE can support the virtual or-
ganizations, based on changing public–private partnerships that
are a key characteristic of successful drug discovery enterprises.
Moreover, it makes an integrated approach along the whole chain
of the drug discovery process feasible, especially when one com-
mits to creating a formalized knowledge space (supported by 
semantic web and/or Grid technology). The emerging systems or
integrative biology might be instrumental for this [23,24]. At this
moment, globally there are several ongoing VL and VL-like initia-
tives, all of which have huge financial investments and the in-
volvement of multidisciplinary partners. However, the fair con-
clusion is that application of PSEs is still mostly a promise. The first
initial small functional applications do not yet reflect the hundreds

of millions of euros already invested. The high VL ambitions de-
scribed above appear hard to substantiate. Nonetheless, it is evi-
dent that ad hoc solutions based on increasing numbers of isolated
components become unworkable. Therefore, development of VL
and VL-like systems is essential for answering the demand from
life sciences in general and drug discovery in particular. At the same
time, organizations dealing with drug discovery should realize that
the only way to adopt the principle of collaboration via a VL–PSE
is in practice [11]. Drug discovery organizations should start par-
ticipating in VL initiatives so that they will learn how VLs operate.
Only then will they be able to mould the drug discovery PSE to
their own specific demands, thereby creating a new future for drug
discovery.
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