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EXECUTIVE SUMMARY

1.

This report describes a project commissioned by the DTI and carried out by
the ESRC Centre for Research on Innovation and Competition (CRIC) to
consider possible future directions for the development of UK bioinformatic
capability and the most appropriate modes of DTI support in this area. The
project was centred on a ‘visoning workshop’, where participants,
representing a diverse cross section of UK bioinformatics expertise, were
called on to consider these issues.

The report is presented in two main parts. Current Landscapes develops an
analysis of UK_bioinformatics, in a global context, based on interviews with
key informants- (most of whom were also participants at the workshop) and a
survey of the available public domain literature and information provided on
websites.

The analysis is developed by exploring the activities within, and connections

between, five interrelated dimensions:

» developmentsin science and technology

* institutional context, including public science institutions, NGOs,
transnational corporations, SMEs (dedicated biotechnology and/or
bioinformatic firms), and Research Councils

 resource flows and funding

* skillsrequirements and restructuring

» economies of knowledge regarding interactions within and between public
and private spheres and associated issues of intellectual property rights

The current landscape report and three * sample scenarios’ developed by CRIC
were used as background input to the workshop. During the workshop itself,
participants were asked to generate a ‘consensus scenario’ representing a
desirable and credible portrait of UK bioinformatics for 2006. The five
dimensions described above were used as a structuring framework to guide
this process. This ‘consensus scenario’ and a further set of prompt questions
then formed the basis for considering ways that the DTI might most usefully
support the development of UK bioinformatics capability. The outcomes of
this process are described in the Future Horizons section of this document.

Current Landscapes

In the current landscape a number of key features emerge. UK bioinformatics
has a strong presence on the globa stage within a number of key aress:
proteomics, crystallography, and sequence databases. Public science

! Many thanks to al who gave their time for telephone interviews and help in improving the draft

report.
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institutions in the UK, both national and European, provide a significant
platform, notably centred around the Hinxton campus, but supported by the
emergence of centres of excellence that are currently being consolidated.
There is a strong UK presence of major pharmaceutical companies, and key
global playersin agri-food genomics are located around the John Innes Centre.
The UK aso has stimulated the growth of SMESs, especially around these two
main cluster magnets. The sustained growth of these capability resources is
critically dependent upon long term strategic national funding resources,
complementing funding at the European level. The changing nature of biology
and the disciplinary challenge presented by bioinformatics has primarily been
addressed by increasing encouragement of interdisciplinarity in a variety of
ways, prior to the longer term requirement for a reorientation of biology
towards different experimental methods and mathematical, statistical, and
computer modelling.

Developmentsin science and biotechnology
Bioinformatics is the application and development of computing and

mathematics to the management, analysis and understanding of data to solve
biological questions (with links to medical, chemo-, neuro-, etc. informatics).

In describing bioinformatics as an evolving field, which involves many
different types of data and analysis, there are necessarily both processes of
diversification and integration taking place at the same time. Different
exigencies in private and public spheres are clearly also playing a significant
role in this double process. Drug discovery and diagnostics provides a driver
for more rapid but narrowly based integration across bioinformatic data
domains, than some public science orientation towards general explanatory
models. There is nonetheless strong complementarity and mutual gains
between approaches.

Of centra importance is the further development of a co-ordinated and
interoperable suite of diverse databases, covering genomic through to
metabolomic and organism-scale data. This should be seen as both a
resource/infrastructural development and as a research/scientific
understanding activity: databases within bioinformatics are epistemologically
multi-functional. Secondly, there are both many types of data generation —and
these will no doubt change in scale and quality — and many types of data
analysis, both from within biology and closely alied disciplines, and from
other disciplines.

These developments are already placing significant new demands on compute
power and thisis widely seen as an important driver for the next generation of
supercomputers. Although significant bioinformatic activity will be
independent of GRID technology, a dedicated bio-GRID will become an
infrastructural prerequisite for (bio-)informatics, and investment is already
being made into its devel opment.
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Institutional contexts

The development of bioinformatic capabilities is embodied in a number of
different types of institution. Bioinformatic networks of diverse organisations
have been established through a range of aternative modes of institutional
linkage.

The different types of commercia organisation involved in bioinformatics that
constitute the ‘industrial division of labour’ can be characterised by their
orientations to different product markets. Bioinformatic tool providers
provide specialised techniques, in the form of software and / or mathematical
solutions, for use in the storage, curation and analysis of biological data. The
dedicated bioinformatic firms are hosts to biological databases, selling access
and expertise. Dedicated biotechnology firms are involved with
biotechnological product innovation. The transnational corporations (TNCs)
cover the entire product innovation pipeline, and criticaly have the scale of
operations to market and distribute products, which could be new seeds or
drugs for example. Although there are firms that overlap these categories,
nonetheless firms are significantly differentiated by the product markets that
they are primarily oriented towards: informatic intermediary markets, markets
for tangible intermediary goods, and drug or agri-food end consumer markets.

Public science institutions play a critica role in the development of UK
bioinformatics. These include dedicated bioinformatics facilities, most
notably the European Bioinformatics Institute at Hinxton, and distributed
research activities across UK universities, supported by the MRC, BBSRC,
EPSRC and Wellcome Trust.

Significantly, the development of bioinformatics has brought about new
boundaries between public and private spheres, raising important questions
about public and private ownership of technologies and databases.

A further question of key importance has been identified concerning the
shifting centres of gravity in the geopolitics of healthcare and agri-food
bi oinformatics between Europe and the US.

Resour ces

In considering the diversity of resource flows into bioinformatics in the UK
and Europe, it is clear that there are distinctive models of growth compared
with the US. There is a relative scarcity of venture capital and large
corporations as yet are not involved in the support of public domain
bioinformatic facilities on a scale found in the US. There is a strong tradition
in the UK as in Europe that public domain science is funded from public
resources and non-commercial organisations. Consequently, the future growth
of public domain infrastructure and science relies on a model of expanding
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public revenues. If thisis not the case, the UK and Europe will significantly
lag behind the US in terms of bioinformatic capability. It is perhaps unwise to
assume that the UK and Europe will continue to be able ‘to punch above its
weight’.

In this respect there is an opportunity for further systematic exploration of
aternative models for combining different resource flows. The Hinxton
campus and John Innes Centre present contrasting aternatives, the former
showing a sharp separation between private and public spheres with separation
of resource flows, the latter an integrated combination of corporate, NGO,
governmental/EU  financing, complemented by a strategy for some
commercialisation of public science.

Skills: Interdisciplinarity and redisciplining

The revolutionary changes in the nature of biological science and technology
over the past few decades have brought about demands for a ‘redisciplining’
of biology and new forms of interdisciplinarity. The problems of skill supply
are much more to do with a restructuring of disciplines than shortages in
existing disciplines. Having said that, considerable changes have taken place,
especialy at the higher end of skill formation, and research councils have
invested in this area. It has taken much longer for these changes to be reflected
upstream, in schools and undergraduate courses. Here a culture change is
required, if biological sciences are to become as mathematised, both
theoretically and experimentally, as the physical sciences. Conversely,
biological problems are presenting new chalenges to mathematical
disciplines, stimulating especialy nonlinear modelling. The implications are
both fundamental and far-reaching.

Economies of knowledge

A central issue relating to issues of ‘economies of knowledge’ and the drawing
of boundaries between public, private, and hybrid spheres, - whether these be
formal and regulatory or informal and practical — concerns the flows of
knowledge (and people with skills) and the flow of resources. There has to be
complementarity between the different economies of knowledge — none can
survive on its own. Complementarity inevitably involves asymmetries in
relations between public and private economies. Public and universally
accessible databases are continuously being updated and then routinely
transferred into large corporations where they form an asset for in-house R &
D, together with in-house generated databases. It is clear that formal
regulatory IPR frameworks only affect alimited if significant dimension of the
knowledge and resource flows within bioinformatics. This is especialy the
case given that knowledge flows can occur both through information transfers
and through movement of people.
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Property rights are protected significantly by software engineering and
technical means rather than by law in the area of bioinformatics. Bioinformatic
services and products (e.g. agorithms) are moreover subject to rapid
obsolescence and are tied to few fixed assets. In these markets, IPR is less
effective a means of securing future income streams than strategies for
continuous innovation.

In terms of data protection, the issue is far more than one of developing means
of ensuring confidentiality and protecting against financial discrimination,
essential though these are. If bioinformatics is going to revolutionise primary
health care, both in nature and in its delivery, the key issue is the patient-carer
relationship and how that can be devel oped to take account of these changes.

Future Horizons

Sample Scenarios

By way of background and to demonstrate the value of using scenarios for

thinking strategically about the future, CRIC offered three sample scenarios

for 2006

» Idands of Expertise: UK bioinformatic clusters prosper, but there is no
Europe-wide integration or coherent strategy

» Euro-starinformatics: A fully integrated European bioinformatic capability

» Continental Drift: UK / Europe bioinformatics activity is oriented towards
agri-food applications and US activities towards pharmaceuticals

These were elaborated through considering alternative paths of possible
development within and between the five key dimensions of the analytical
framework.

The Workshop Scenario for 2006

The objective of the workshop scenario was that it represent a desirable and
credible future for UK bioinformatic capabilities in 2006 and thus provide a
basis for considering the most appropriate forms of DTI initiative.

Science and technology: The vision of the future had two strong emphases.
Firstly, there tﬁa\s been integration across the spectrum of informatics (bio-,
chemo-, demo™, enviro-), and within the ‘bio-* from molecular to organism
scales. Secondly, interoperability has been advanced by the establishment of
quality standards, which have improved both data input and annotation. In
terms of hardware, interoperability was considered primarily in terms of broad
bandwidth internet based systems. In addition, different modelling and
analytical techniques drawn from diverse disciplinary domains have produced
significant scientific advances. Bayesian and statistical techniques have
devel oped within bioinformatics.

2 This refers to demographic data
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Ingtitutions: Institutionally, UK bioinformatic activity is pivoted around a
central hub — the Hinxton campus — but there were aso strong views
expressed and recorded that there was a need for other interconnected centres
of excellence. This point is further elaborated below in relation to funding
strategies. There was aso a strong view that bioinformatics is essentially
international, not bounded by regional or geo-political contexts, possibly
reflecting a view about the ‘universality’ of science. So, there is no strong
national or regional institutional context, and some explicitly objected to a
European frame of reference.

Resource flows. There has been continued strong public funding for public
science institutions, this being a powerful tradition within European countries.
NGOs have also maintained a high level of funding for public science activity.
Some funding for pre-competitive activity has provided a model in limited
areas. Resource flows generated by the private sector are retained within the
private sector.

Skills: A start has been made to the long-term goal of re-disciplining biology,
to take account of the need for mathematical skills and new forms of
experimentation. This has involved changes in curriculum at the very earliest
stages, right through to a restructuring of university departments. In the
meantime, interdisciplinary exchanges and groupings have been fostered to
bring to bioinformatics methods and theoretical tools from other science
backgrounds.

Economies of knowledge: There is a strong separation of the public and
private spheres. public domain generated bioinformatic knowledge is
maintained in the public domain, with open access. Private domain and
intellectual property was deemed appropriate only for the added value
produced by commercia activities in the private sector. A strong division is
maintained between a public science research agenda oriented towards
fundamental science, and a commercialy driven R & D development oriented
towards drug discovery, diagnostics, and healthcare.

DTI Support for UK Bioinformatics

The workshop identified priority areas of DTI support for bioinformatics and
those considered to be ‘most favoured' by this workshop were as follows:

. Large UK Bioinformatics Facility
. Support for database maintenance / administration / curation
. Tax breaks for industry-based financial support for universities

. Two way industry — academia sabbaticals
. Support for post-graduate training



Next Steps

As a document which is the outcome of some preliminary research and an
initial process of consultation, this report is designed to serve as an instrument
for further consultation, from a wider constituency. The aim is stimulate
further strategic thinking about the future of bioinformatics, and to assist in the
process of policy formation and funding.



I ntroduction: What is bioinfor matics?

At the most genera level, bioinformatics could be defined as the application of
information technology to the management and analysis of biological datain order to
solve biological questions (Attwood and Parry-Smith, 1999). Under this definition,
the scope of bioinformatics is broad, covering anything from epidemiology, the
modelling of cell dynamics, to its now more common focus, the analysis of sequence
data of various kinds (genomic, transcriptomic, proteomic, metabolomic). The
guestion ‘What is bioinformatics? , however, is more an historical than a definitional
one. Definitions change as the science and technology changes. Currently, thereis a
variety of aternative definitions reflecting a number of diverse approaches, some
more data-oriented, others stressing analytical and computational aspects® It should
be remembered that the term ‘bioinformatics’ was first coined in the 1960s, and the
first course outline in bioinformatics appeared in the Iﬁe 1970s, before gene sequence
data became such a central focus (Rybak, 1968, 1978)* Much bioinformatics research
was being undertaken, and has continued, which is not focused on sequence data
analysis.

As socio-economic scientists, our approach is informed by a number of interrelated
guestions. We ask what kind of scientific activity constitutes bioinformatics and how
the nature of scientific activity is changing; what scientists are involved, how and
where. We analyse the institutions which sustain or embody this activity, and the
different economic resource flows, public and private, that nourish them, and to what
extent. We question what processes of skill formation, and changing institutions of
academic ‘disciplines are involved in enabling scientific change. We ask what and
how bioinformatic knowledge becomes a tradable good, how knowledge flows are
constituted between public and private domains, and how biocinformatic markets are
created.

In an historical context, there can be little doubt that the vast expansion of datain the
post-genome era has given bioinformatics both a new salience and a new disciplinary
and technological context. New sources (e.g. microarrays) and new types of data
(sequence, structure, function, images and time series) are presenting quantitative and
gualitative chalenges. In turn, bioinformatics, rather than being seen as a self-
standing discipline, now engages biology in strong interactions with hitherto
relatively distant strangers: systems and control theory, systems biology
(Wolkenhauer, 2001a, 2001b), machine learning (e.g. inductive logic programmes,
Muggleton, 1999), 3D imaging, silicon chip and inkjet technologies as well as
software development.

% The workshop held on July 2-3 2001 produced awide variety of competing definitions.

* Originally coined by Rybak in 1968, the broad definition given in 1978 was that it dealt with
problems of biosystems: ‘any natural or human processis a sort of signal and it becomes an
information as soon asit is understood by human beings through a complex machinery of integrated
codes.” 158.
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At a profound level, the bioinformatic revolution means that biology is being
mathematised in ways quite new to it, presenting aradical challenge to the formation
of skillswithin biological sciences, as well as to establishing new interdisciplinarities:
getting people to talk to each other who did not need so urgently to do so before.
These issues suggest that assessing bioinformatic capability centrally involves
guestions of the development and reshaping of human skills. The question is more
than one of ssimple ‘shortages’ of this or that type of scientist or technologist measured
by known demand and existing channels of supply (Gavaghan, 2000; Reichardt,
1999).

In a period of rapid change, one should expect to find all kinds of different things
going on under the rubric of bioinformatics, a fair amount of lack of integration
between them, and no clear boundaries. From a social science or policy point of view,
this is both exciting and challenging, exciting because there are new kinds of social
actors and interactions between them and challenging because there are no easy
targets for policy intervention. Let us take one critical example, the maintenance,
curation, and development of biological databases. At present there are a plethora of
private and public databases, but also a lot of grey areas, where new formal and
informal ‘rules and routes of access are being established (Powledge, 2001,
Biotechnology Strategic Forum, 1997; 1998). Even if a perfectly dichotomous world
of private versus public ever existed, there are now new ways of combining private
and public resource flows, which are defining the new ‘economies of knowledge’ in
the field of bioinformatics. A possibility exists that commercialy owned databases
(Celera, Incyte), given superior resources, will outstrip public databases, however
generoudly financed from taxation (EBI, EMBL 16 May 2001). Given that some
databases — and that includes strategically important ones such as SWISS-PROT —
combine free and commercia accessibility, however, policy decisions on supporting
these need more complex assessments.

The emergence of biological databases and their location in different types of
institution is only one prominent feature of a new landscape of institutions that have
emerged with the growth of bioinformatics. Dedicated bioinformatic firms now
constitute a new species within the family of dedicated biotechnology firms. Large
pharmaceutical companies develop networks of licences, partnerships, alliances, and
collaborations with a multiplicity of different organisations, commercial, semi-
commercial, and public. NGOs play a significant role in major centres of
bioinformatics (Sanger). As with the science and technology, so with the institutional
arrangements, a period of rapid change involves new, often unstable, combinations of
different actors. The separation of some magor US and UK pharmaceutical actors
engaged in genomics from those involved in agri-food — a matter of indifference to
much bioinformatic research reliant on comparative genomics or analysis based on
convergent or divergent evolution — is evidence of an ingtitutional loss of integration
at this point in time.

So, from a social science perspective, bioinformatics is the interweaving of the

emergent science and technology, the recombination of skills and human capabilities,
the channelling of resource flows public and private, and the multiplicity of
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interacting institutions. For any policy actor, to make specific points of intervention
requires an appreciation of the fluidity and complexity of a rapidly changing and
diversely populated landscape — bearing in mind also the possible complementarities
with other policy actors.

To address these issues this report will fall into six sections.

Emergent bioinformatic science and technologies

Reshaping institutional landscapes

Combining resource flows

Redisciplining skills

Creating economies of knowledge: IPR, competitive advantage, and public
knowledge.

Future horizons

agrwbdE

S
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Section 1. Emergent bioinfor matic science and technologies: locating UK
capabilities

If we ask ourselves what kind of scientific activity constitutes bioinformatics, we
would suggest that at this historical stage of its development, the activity is
intermediatory in the sense that it faces many ways. For example, facing towards new
forms of digitalised data generated from diverse sources, its objects of analysis are
constantly shifting. Alternatively, computational or simulation methodologies face
data the other way round, where new models from different disciplines may
experimentally generate new types of data. Finally, bioinformatics interfaces with
other informatic domains: chemo-, demo-, enviro-, medico-informatics.

At present, genomic and post-genomic databases have achieved a salience reflected
below, to the extent that bioinformatics has amost been identified with the rapid
growth in sequence data and the public recognition associated with the success of the
human genome projects. But bioinformatics is much broader than biology at the
molecular level, and its centre of gravity could be displaced by integration with other
informatics, and/or other computational based bio-science. In reflecting current
emphasis, we do not wish to pre-empt future changes in configuration of scientific
activity embraced by bioinformatics. Developments in neuroinformatics, enzymology,
ion channel data generation and electrophysiology, process dynamics, and microscopy
image data are a few examples of bioi nformaticsE?ctivity which no doubt will extend
and remodel the current *shape’ of bioinformatics™

Bioinformatics appears intermediatory in another sense. From interviews, it appears
clear that the current phase is ground-breaking and preparing for future theoretical and
anaytical developments. It is not that it is currently pre-theoretical or pre-anaytical,
so much asit is as yet to achieve theoretical integration and comprehensiveness.

In suggesting that bioinformatics is at the receiving end of the development of new,
and diverse types of data generation, we are aso signalling that there are different
drivers behind data generation. Lead drug discovery, single nucleotide polymorphism
(SNP) analysis, agri-food genomics of stress tolerance or nutrient dense foods
(NDFs), al generate their own experimental paradigms and data. So below we
analyse bioinformatic scientific activity in terms of its intermediatory role between
data generation, theoretical modelling and physical experimentation.

But there is perhaps a third sense in which bioinformatics can be described as
intermediatory. The development of bioinformatic diagnostic techniques not only
provide ‘empirical data’ for possible scientific analysis, but also become a vehicle for
delivery of primary health care based on genomic/post-genomic bioinformatic science
and medicine response profiles

® Interview with Dr Charlie Hodgman, UK Manager of Bioinformatic Sciences, GlaxoSmithKline.
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1.1 Thegeneration biological data amenableto IT analysis.

Many have commented on the exponential increase in genomic sequence data,
contrasting with both the rate of growth of function or structure data, or the human
resources for data analysis (Grindrod, Attwood and Parry-Smith, Nellis et al.). High
throughput technologies, in particular the advances in microarray technologies
exemplified by those developed by Affymetrix, Agilent and Corning, will only
amplify this divergence (Moore, SK.). Density of genes per chip is anticipated to
increase from 250 in 1994 to 150,000 in 2004, with the development of high-density
arrays. The technology race to develop data generation can be said to be outstripping
the ability to analyse it, presenting a significant problem for the future of
bioinformatics which has many ramifications, to do with the quantity, quality and
reliability of data. The generation of data uncontrolled by experimental hypothesis
testing can lead to high levels of data redundancy, which in turn presents analytical
challenges arising from the process of generation itself. Yet, it seems clear that data
generation will continue to gather pace, and, short of even more problematically
suggesting ways of restricting its rate of growth, the challenge becomes one of
obtaining the means, both methodologically and in terms of computer power, of
handling data on that scale.

The Sanger Centre
The Centre now has 20 terabytes of data, and
half ateraflop of computer power. Its
genome sequences increase 4x per year, and
its computer power 2x per year. Major
computer manufacturers, IBM, Compag, HP,
Hitachi, now consider biology to bein the
process of taking over from physics as the
driver behind the development of the next
generation of super-computers.

In 1999 Harold Varmus, then Director of the Nationa Institutes of Health
commissioned a report on the computer needs for biology and bioinformatics, and the
resultant reports (Botstein, 1999) lay behind the decision to introduce a step-change in
expansion of computer power for the National Institute of Biological Research which
houses genome sequences in the USA. A similar critical decision is on the table if
European and UK capacity is to respond to the inexorable growth in requirements for
sequence data analysis™.

In addition to the sheer volume of sequence data, however, there are two further
processes of data generation which characterise the post-genome era, and which

® Interview with Dr Richard Durbin, The Sanger Centre
14



present distinctive challenges to the future of bioinformatics, in the UK and Europe,
as elsawhere. At the molecular level alone, there has been a proliferation of data
domains (genome, transcriptome, proteome, metabalome) and a proliferation of data
levels — in the field of proteomics, this is typified by primary through to quinternary
levels of structural and functional analysis (primary sequences, regular expressions,
motifs, fingerprints, protein-protein/protein-nucleic acid interactions, protein
classifications, etc.). At the supra-molecular level, both cell and organism are rapidly
developing bioinformatic levels (e.g. the mouse atlas and its virtual mouse). This
double proliferation has created an enormous wealth of data of different types and
levels, typical of this phase of development, but with as yet relatively little integration
between them.

DATA GENERATION DATA ORGANISATION
Sequence data
E base-base Domain Level
: shotgun ~
Genome Sequence
- ‘ Transcriptome | local structure
Proteome combinatory
. structure
2/3D Imaging Metabalome N
Mass spectrometry Eie ¢
organism
Etc.
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Figure 1.1 The multiple generation and diversity of data types

If one important part of bioinformatics is essentially concerned with the storage,
curation, and analysis of data produced, clearly its development has been and will be
profoundly affected by technologies and methods of data generation. As an
intermediatory discipline, bioinformatics is open to all kinds of scientific and
technological developments that surround it. As Attwood and Miller have observed in
answering their question ‘which craft is best in bioinformatics?, ‘biology requires a
seamless integration of all the data types emerging from these fields (op.cit.,2),
including computational biology, biochemistry, evolutionary theory, structural
genomics, physiology, medical science, to name but some. These are the immediately
affiliated disciplines. It is perhaps important to add that the list is far from being
closed to those near neighbours, as mathematical models developed in other
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disciplines such as machine learning, nuclear physics, environmental and linguistic
modelling, are beginning to be reworked in the service of bioinformatics.

If Figure 1.1 represents the generation and organisation of public domain science,
Figure 1.2 re%esents the object of this science over which the * seamless integration’
needs to span”. The challenge is for the former to be adequate to the analysis of the
latter. One way of looking at the present phase is to suggest that diverse empirical
probes are generating partial data representations, each to an extent locked within
current respective limitations. Both the nature of the probes and the ability to
coordinate them and the data they generate will eventualy, it is hoped, be able to
develop an analytical framework capable of spanning the object of science, however it
is then conceived.

Protein interaction

Primary Pr
Sequence

i NI N

MRNA E=) o on ) Metabolism |y mmps ,
Organism

Protein structure

Replication ESTs Cdl function

Transcription Trandation

Figure 1.2. The object of bioinformatic science

If it is accepted that the current phase in the emergence of bioinformatics is one of
richness in diversity, with numerous different, sometimes contending, perspectives,
two main issues present challenges for the development of UK/European capabilities
and orientation: the creation and curation of an organised and integrated data resource
covering as full a range of data as possible, and the development of new
methodologies of analysis. It is to these issues we now turn.

1.2. Databases asinfrastructural resour ces and developing science

In this section, we address the scientific and technological significance of databases,
dealing with the institutional aspects of where and how databases are situated and

" The two figures reflect the current salience of genomic bicinformatics. As suggested above, thereis
no intention to bound bioinformatics within the molecular level, or restrict it to public domain
activities.
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funded to sections 2 and 3. It is clear that the creation and curation of genomic and
proteomic databases is a core activity of bioinformatics. Moreover, if databases are
not continually growing and developed, they tend to wither and die. As knowledge
resources, bioinformatic databases are complex entities, performing multiple
epistemological functions, empirical and analytical.

They are firstly repositories of the rapidly increasing volumes of data and a resource
for the wider scientific and commercial R & D community, through internet access.
The EBI nucleotide data base currently receives 400,000 hits a week, and provides a
service for an estimated 10,000 research biologists worldwide. In order to provide this
necessary infrastructural resource, standards of quality of data and consistency of
annotation have to be developed. Dedicated software engineering has to be devel oped
to make the data readily usable. Findly, interoperability between databases in order to
make the data they contain comparable and combinable, has become a key issue, and
one which is continuously being evolved, as discussed further below.

But secondly, the development of databases directly contributes to the advancement
of scientific understanding, rather than databases simply forming reservoirs of the
‘raw’ data upon which analysis is based. This applies as much to the nucleotide
databases, such as those resulting from the Human Genome Project, as to the
proteomic databases. Thus, for ENSEMBL, developed by Sanger / EBI and located in
the European Bioinformatics Institute, the human genome analysis is being extended
for an annotated version of all vertebrate genomes — with particular current attention
on the mouse, puffer and zebra fish. The expansion in the range of vertebrate genomic
data and its annotation is itself a process of developing evolutionary and functiona
knowledge, which is far more than simple data accumulation. In the case of proteomic
data-bases, the proliferation of levels of data mentioned above involves the
development of different databases with different structural and functional
information, each with their own agorithmic rules. To take two examples of
secondary structure protein databases, the Pfam database at Sanger is a database of the
results of applying Hidden Markov Models, whereas PRINTS is a database of
‘fingerprints’ of ungapped motifs produced by iterative searching of the primary
protein sequence data-base, SWISS-PROT. Higher order, protein databases, such as
CATH or SCOP which classify proteins according to different rules, likewise involve
development of a different level of proteomic knowledge, at the molecular as against
sub-molecular scale. Interviews and literature have suggested that there is a tension
(see Sections 2 and 3 below) between funding for infrastructure and funding for
research. Consequently database creation/curation, deemed to be an infrastructural
activity, has encountered problems in attracting sufficient funding.

Given the multiple epistemological functions of genomic databases, their role and
sdience in UK and European bioinformatic capability is critica along severd
dimensions. It is clear therefore, that if the UK and Europe are to retain and develop
this capability, database development across the nucleotide and proteomic ranges
remains of primary importance, if the objectives of developing an integrated analysis
from nucleic sequence to metabolism and organic function are to be attained. The EBI
EMBL-bank database (as part of the European Molecular Biology Laboratory) is at
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the core of the European capability in genomic bioinformatics, with partnersin the US
(Genbank at the NCBI) and Japan (DDBJ).

In the field of proteomic databases — at least in the public domain — Europe has
probably gained a pre-eminent position, built around its primary protein sequence
database, SWISS-PROT. Table 1.1 below lists some of the principal primary and
secondary protein databases, and it demonstrates how different types of proteomic
structural knowledge (column 1) are embedded in, and developed within, different
databases from a common primary sequence data base.

Structural data Secondary Intermediary Primary Source
type database database

Regular expressions PROSITE -- SWISS-PROT
Weighted matrices Profiles -- SWISS-PROT
Aligned motifs PRINTS OWLS SWISS-PROT
(fingerprints)

Hidden Markov Pfam - SWISS-PROT
Models

Aligned motifs BLOCKS PROSITE/PRINTS SWISS-PROT
Fuzzy regular IDENTIFY BLOCKS/PRINTS SWISS-PROT
expressions

Table 1.1 Types of knowledge embedded in databases (Adapted from Attwood and
Parry-Smith, 46.)

But, as suggested above, we are dealing with a rapidly moving target. In recognition
that no single secondary or structural protein database provides a comprehensive
resource, analysis of structure and function of proteins entails increasing abilities to
combine the different structural resources contained within each of the databases and
their algorithmic tools. Figure 1.3 represents the current state of play, resulting from
the decision to fund the next stage of integration of secondary level databases within
the EBI. This in turn reflects the centrality of the Sanger-EBI duo for European and
UK bioinformatic capability in the field of databases development. The
interoperability between different secondary databases, and common linkage to
SWISS-PROT and ENBL-bank can provide a strategic platform in this area (under the
project Integr8, complemented by the development of macromolecular (EMSD), and
protein-protein interaction (INTACT) databases).
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Figure 1.3. The current database European/UK platfor mﬁ

Finally, although in its initia phase, there is the critical question of the development
of GRID technology, designed to create a shared computing infrastructure (hardware,
middleware, and software) with access to greatly enhanced compute power. Below we
discuss the institutional aspects of GRID development. But clearly the development of
interoperability between multiple and distributed databases is itself a crucia
infrastructural basis of bioinformatic scientific activity. The fact that major computer
manufacturing companies are now looking to the life sciences as the future drivers of
development of supercomputers and high end computing suggests that the
development of a European bio-GRID is of central significance, perhaps yet to be
fully reflected in the e-Science programme (UKHEC, 2001). Certainly, there is a need
to be éautious in assuming that a bio-GRID would simply replicate the physics-
GRID.=But in view of the rate of growth of bioinformatic data and data variety, a
distributed computer resource and capacity is fast becoming an infrastructura
prerequisite for the future of bioinformatics.

1.3 The Development of new mathematical methods of analysis.
1.3a Modelling issues related to sequence analysis. An important conclusion of

Grindrod’s (2001) survey of mathematica methods adopted in current genomic
bioinformatic activity in the UK was that there was a bias ‘towards data processing

8 We are grateful to Professor Teresa Attwood for providing the preliminary sketch of this diagram, as
well as much of the background information in interview.

® Interviews have cautioned us to reflect on the different uses and demands placed on a bio-GRID
infrastructural resource, notably in terms of medical and primary care interfaces (Professor David
Ingram, Dr Richard Durbin)
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issues, rather than structural analysis and modelling.’ (op.cit.17). He usefully
distinguishes between bioinformatics as data processing and access enablement on the
one hand, and as mathematical modelling and problem solving on the other. There is
continued tension within bioinformatics on the relative weight of these different types
of scientific activity. Much of the dataset embedded knowledges of protein structure
just described entail algorithms of pattern recognition and searching across large
datasets. As suggested, there are differing views as to the importance of this kind of
mathematical analysis. But there can be little doubt that this kind of pattern
recognition, buttressed especially by manual annotation with all the human resources
that implies, will for some time constitute a central activity in bioinformatics, as one
major route to structural and functional understanding.

A centra issue involved is how this building from the bottom-up through these
algorithmic techniques of searching for similarities can be combined with structure
prediction, or other mathematical modelling techniques, including time and space
dependent ones. Structure prediction from primary sequence data has been described
as the ‘holy grail’ of bioinformatics. However, as with many grails, it is not clear that
this is necessarily one that will be found — even eventually. It seems that there are (at
least) two ‘fault-lines which impede direct lines of determination from the nucleic
acid sequence al the way through to metabolism and organism (Figure 1.2 above).
Modes of regulation of gene networks and protein-protein and protein-nucleic acid
interactions, suggest that derivation of structure and function directly from nucleic- of
amino-acid sequences is only one possible model amongst others. It has been
observed that a given sequence can relate to different structures and vice versa, and
similar modular structures in different combinations can relate to different functions,
and vice versa. In these circumstances, there are possibly different modelling routes
that may be important and for this reason, the development of new computational,
mathematical and statistical techniques is likely to be crucia in the long run to
complement bioinformatic data-processing and management

1.3b Other new computational, mathematical and statistical techniques

Computer cell simulation, virtual organism modelling, kinetic modelling, machine
learning, inductive logic programming, control systems anaysis, in numero
computational studies of gene regulatory networks, dynamic process simulation, are
a few of the approaches being brought into bioinformatics. New types of modelling
based on callibrating graphs using protein interaction and other gene interaction
databases have been developed and patented™The list is not intended to be
exhaustive, and clearly there are also mathematical approaches from other disciplines
and domains that remain to be adopted and developed within the area of
bioinformatics. Modelling techniques drawn from different disciplines (physica
sciences, applied mathematics, control engineering, etc.) can help the biologist in
experimental design, to decide which variables to measure and what relationships or

9 \We are grateful to interviews with participants for providing us with these examples.

! Numbercraft, a mathematical consultancy firm which draws on interdisciplinary approaches, have
contributed to this type of bioinformatic activity as a distinctive type of bioinformatic commercial
organisation.
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response pattern to look forE.I There is a widely shared view that interdisciplinary

collaboration, where ‘imported’” mathematical modelling techniques will need to be
significantly modified for dealing with biological data, will require some fundamental
changes in biologica assumptions on the part of biologists, and mathematical
assumptions on the part of the ‘import’ disciplines. But that is a significant aspect for
future developments within bioinformatics. The process of recombination of different
knowledges will involve their transformation.

It should be stressed that different types of bioinformatic activity — to simplify, data-
or mathematical model-driven — represent competing views of the strategic directions
that may be taken. Whilst there is no reason to believe that one type of activity
necessarily develops at the expense of the another, it is important to recognise that
there is competition for both scientific recognition and resources between different
practitioners of bioinformatics in both the academic and commercial domains. There
are not only races within one type of bioinformatics (e.g. to complete genomes of
particular species), but between types of bioinformatics. Indeed, this competition can
be seen as a significant dynamic in the proliferation of a diversity of directions taken
by bioinformatics which in the long run drives and shapes some overall advances in
biological understanding.

1.4°Low lying fruit’.

The discussion above has largely but not exclusively focussed on public science
developments. It is clear, however, that there are also different routes and pathways,
which in turn feed into the central issues described above, deriving from drug
discovery and development, on the one hand, and agri-food genomics on the other. In
describing these as ‘low lying fruit’ there is no disparaging implication intended that
they are especially easy — or cheap — to harvest. But, a different type of data
generation and analysis, often spanning the whole ‘figure 2 scientific object’, is
involved in drug development by pharmaceutical companies large and small, and by
the development of plant and animal species genomics for agri-food. To take one
example, using single nucleotide polymorphism (SNP) databases combined with
family data across Europe, data can be generated contrasting disease bearing
populations from disease-free. Target genes can be identified, and expression data
used as a basis for identifying protein sequences against which drugs can be tested.
Such a directed pathway involves synthesisin%nowl edge from sequence to function,
in a narrow but efficiently focussed channel™. This too yields a different type of
discriminatory and comparative anaysis through a focussed channel. Lead drug
discovery is an especidly significant development, because of its experimentad
paradigm of analysing interactions between target protein functians and chemical
agents, thus increasingly combining bio- and chemo-informatics.™ These pathways
may be less comprehensive in terms of their yield, but nonethel ess have compensating
possibilities of producing integrated understanding more rapidly. The type of
knowledge produced through this oriented (but also fundamental) research and

12 Note from Dr Olaf Wolkenhauer.
3 Interview with Dr Chris Rawlings, Oxagen.
“ Interviews with Dr Mark Swindells, Inpharmatica, and Dr Tom Flores, Synomics.
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development can also provide a significant input to the types of data and analysis
which am directly for comprehensiveness. This ‘channelled” approach thus
contributes to the diversification of routes — there are many R & D activities, many
‘channels’ being devel oped independently of each other.

Finally, it is clear that there is extensive mutual dependency and complementarity
between this privately generated science and technology and the science and
technology generated in the public sphere. The development of each depends on the
other.

1.5 Conclusion.

In describing the field of bioinformatics as an evolving process, which involves many
different types of data generation and analysis, there are necessarily both processes of
diversification and integration taking place at the same time. Different exigencies in
private and public spheres are clearly also playing a significant role in this double
process. It is clear that each feeds of the other — no integration without diversification,
and vice versa.

In terms of UK and European capabilities, therefore, it is clearly essential to recognise
the rapidly changing nature of the ‘beast’. Of central importance is the further
development of a combined and interoperable suite of diverse databases, covering
genomic through to metabolomic data and beyond. This should be seen as both a
resource/infrastructural  development and as a research/scientific  understanding
activity: databases within bioinformatics are epistemologically multi-functional.
Secondly, there are both many types of data generation — and these will no doubt
change in scale and quality — and many types of data analysis, both from within
biology and closely allied disciplines, and from other disciplines. There is no one
golden route, but a necessary combination between different analytica
methodologies. The aim must be to foster fruitful combinations.
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Section 2 Reshaping I nstitutional L andscapes

Current international bioinformatics activity is developing in institutional networks
comprising organisations from both the public and private sector, contributing
expertise in a range of areas. Bioinformatics innovation is remarkable in its
requirement for the creation of synergies between hitherto distinct capabilities. We
are interested in analysing the changing character of institutions involved in
bioinformatics, how the public / private divide is maintained or reconfigured and how
interactions occur between different types of institution. A critical issue is to consider
how the private domain depends on the public and vice versa and this clearly links
forward to section 3 on resource flows. The institutional presence of bioinformatics
also involves major changes in both internal institutional organisation and ‘industrial
divison of labour’. This section begins with a brief description of the types of
ingtitution involved in bioinformatics, with some examples (2.1), before turning to the
nature of bioinformatics networks and a discussion of the main issues that impact on
their activities (2.2).

2.1 Key Playersin Bioinformatics
Transnational Corporations (TNCs)

There is now a sharp distinction between the activities of some TNCs active in
healthcare and agri-food markets. Thisis perhaps indicated most clearly by the recent
formation of Syngenta, the result of a merger between Zeneca Agrochemicals and
Novartis, and simultaneous demergers of these divisions from their parent firms,
which are now dedicated to healthcare activities. This recent bifurcation in industrial
application of biotechnology platforms is widely thought to have arisen through
increasingly significant differences between the markets that the firms operate in.
However, it is perhaps less clear whether the impacts of these different market
conditions have or could have an impact of the use of bioinformatics in R&D
activities (we return to thisin later sections).

2.1.1.Pharmaceutical TNCs.

Research and development expenditure by the pharmaceutical industry in the UK
amounts to more than £2.5 billion a year. On@/erage, it takes around 10 to 12 years
and £350 million to develop a new medicine™ Whilst a considerable proportion of
this expenditure falls with the development phase, the discovery end is till
significant. It is within this stage, that bioinformatics has its primary impact; it is
hoped that drug discovery will become more efficient through the use of these new
techniques, reducing the time and resources required.

Pfizer Group R&D (PGRD) EIemploys 12,000 staff and had an annual expenditure of
$4.7billion in 2000. The main European site is in the UK (at Sandwich) and employs
3,000. Bioinformatics falls within the Discovery Group with responsibilities at the

15 Association of British Pharmaceutical Industry (www.abpi.org.uk).
18 | nformation from www.pfizer.com and interview with Jerry Lanfear on 11/06/01
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‘front end’ of drug discovery. The bioinformatics group at Sandwich was set up 6-7
years ago and recent developments have seen increased communication between the
bioinformatics and chemoinformatics activities.

GIaxoSmithKIin(-zEI R&D expenditure was £2.5 billion in 2000. Prior to the merger,
bioinformatics was scattered in a number of different divisions, and not institutionally
recognised as a central driver articulating activity across a number of fields. Post
merger, there are nine bioinformatics departments, with 150 scientists worldwide. In
the UK, there are 50-60 in bioinformatics organisationally, but many more working
with bioinformatics in some way or another in other departments. Glaxo Wellcome
established its in-house International Committee on Bioinformatic Management
(ICBM), but this did not lead to major organisational changes. So the merger clarified
an organisational identity for bioinformatics.

2.1.2. Agri-food TNCs.

The development and analysis of crop genome databases provides an input to
innovation in crop protection and crop quality to deliver enhanced yields and quality
in crops.

Syngenta had a combined 1999 pro forma research and development investment of
approximately $760 million and over 5,000 R&D staff. It has major R&D outfits in
the United States (La Jolla, California and Research Triangle Park, North Carolina)
and Europe (Basel, Switzerland and Jealott's Hill, UK). Their involvement in
bioinformatics is most clearly demonstrated through their participation in the recently
completed Rice Genome Project (more detailsin Network 4, p35).

2.1.3. Computing TNCs

These are entering the frame as providers of dedicated computing hardware, software
and internet technologies required for the burgeoning quantities of data handling,
analysis and accessibility.

Sun MicrosystemsEI is a provider of computing hardware particularly aimed at
networked computing.  Under the auspices of their Discovery Informatics
Programme, Sun have established an Informatics Advisory Council, constituting
representatives from big pharma, tools providers and academics.

IBM, Compag (see network 1, p29), Oracle and Hitachi (see network 4, p35) are also
prominent actors increasingly oriented towards and involved in the development of
bioinformatics.

Y Interview with Dr. Charlie Hodgman, GSK
18 | nformation from www.sun.com, interview with Susan Stephens and documentation sent by Susan
Stephens to the authors.
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2.1.4.Dedicated Biotechnology Firms

Dedicated biotechnology firms (DBFs) are commercia institutions whose primary
business is the development of biotechnological knowledge and products. In many
cases the majority of their activities lie within research and development, with
revenues where they exist coming in the form of licence agreements, collaborative
projects with larger firms or from the sale of biotechnology knowledge. British
Biotech and Celltech are prominent UK examples. DBFs are normally users of
bioinformatics products, and are likely to have dedicated informatics groups within
their R&D operations. In some cases, DBFs have developed their own propriety
bioinformatics systems (e.g. Cambridge Antibody Technologies and Oxford
Glycosciences).

2.1.5. Dedicated Bioinformatic firms

Dedicated bioinformatic firms (DBIFs) have emerged more recently as a specialised
class of DBFs whose core business is the development and commercialisation of
bioinformatic products. These products are typically combinations of proprietary
databases, software and techniques for data analysis. Celera and Incyte, both based in
the US, are the most prominent and established examples of DBIFs. The main
customers for these DBIFs are pharmaceutical and agri-food TNCs.

Incyte provide ‘an integrated platform of information technologies designed to assist
pharmaceutical and biotechnology companies and academic research%ﬁ in the
understanding of disease and the discovery and devel opment of new drugs.’

During the years ended December 31, 1999, 1998, and 1997 Incyte spent
approximately $146.8 million, $97.2 million, and $72.5 million, respectively, on
research and development activities. This investment in research and development
includes an active program to enter into relationships with other technology-driven
companies and, when appropriate, acquire licenses to technologies for evaluation or
use in the production and analysis process. Incyte have entered into a number of
research and devel opment relationships with companies and research institutions.

2.1.6. Bioinformatic Tool Providers

Commercial bioinformatic tool providersfall into two categories. First there are thcosﬁ|
that are involved in bioinformatics as their primary business. Nonlinear Dynami

is one such firm, providing software products for the analysis of data generated
through 1D and 2D electrophoresis gels and microarrays. It has been operating for
twelve years. Their customers are both public and privﬁi nstitutions, including
TNCs, DBFs, DBIFs and public science institutes. Synomi IS a solutions software

¥ Incyte Pharmaceuticals, Inc, Annual report (2000)
2 |nterview with Mr Will Dracup
2 Interview with Dr Tom Flores
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provider for interoperability between disparate data sources. Its customers are large
pharmaceutical companies and DBIFs, including Incyte.

The other type of tool provider is involved in bioinformatics as one aspect of their
portfolio of activities. For example, Quintessa™, a mathematical consultancy firm,
has been recently investigating the possibilities for extending their mathematical
expertise to bioinformatics. To date, Quintessa has been a solution provider for clients
involved in the nuclear, environmental and oil industries. Biology and life sciences
would become a new field of activity for the firm. The involvement of this type of
firm is based on a perceived analytical shortfall, based on mathematics, within the
biological community.

2.1.7. Public Science I nstitutes

The European Bioinformatics Institute (EBI) based at Hinxton, Cambridge is the
flagship European public science institute in the field of bioinformatics. It is an
outstation of the European Molecular Biology Laboratory (EMBL) headquartered in
Heidelberg. The mission of the EBI is to ensure that the growing body of information
from molecular biology and genome research is placed in the public domain and is
accessible freely to all facets of the scientific community in ways that promote
scientific progress. The EBI serves researchers in molecular biology, genetics,
medicine and agriculture from academia, and the agricultural, biotechnology,
chemical and pharmaceutical industries. It does this by building, maintaining and
making available databases and information services relevant to molecular biology, as
well as carrying out research in bioinformatics and computational molecular biology.

The EBI is organised under three Programmes. Service, Research and Industry. The
Service Programme of the EBI focuses on building, maintaining and providing
biological databases and information services to support data deposition and
exploitation. Research and Development within the Service Programme investigates
the latest methods in database design and interoperability with aview to providing the
best possible information services. The EBI Research Programme has both pure and
applied research activities at the leading edges of computational molecular biology.
These activities include the study of molecular evolution, genome comparison, gene
prediction, protein motifs, metabolic pathways, sequence-structure relationships, the
application of parale computing in molecular biology, the analysis of biomolecular
sequences and 3D structures, new biological databases, and navigation tools for
linking databases. The EBI Industry Programme was established to meet the special
needs of the biotechnology, chemical and pharmaceutical industries, but still remain
consistent with the public domain policy of the EBI. The programme aims to help
industry adapt quickly to, and maximise benefits from, innovations in bioinformatics.
The programme comprises training and education through regular workshops on
leading edge topics in both biology and computing, plus the development of databases
and services, with a special emphasis on the promotion and development of standards.

2 Interview with Dr David Hodgkinson
% The following is adapted from www.ebi.ac.uk
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The other mgjor UK based PSl is the MRC funded MP Resource Centre, also
located at Hinxton, Cambridge™ It has a stated mission™

- To provide both biological and data resources and services to the medical research
community, with a special emphasis on those relevant to the Human Genome
Programme.

- To facilitate genomic research by the provision of cost effective centralised
collaborative and training facilities.

- Toencourage users to share their data, information and resources.

- To encourage the transfer of technology from the academic to
commercial/industrial applications.

The HGMP bioinformatics team has 18 staff members and 1 student supervised by a
bioinformatics manager. The division provides a national on-line bioinformatics
service, user support and training for external users. It provides support (but not
resources) for the systems, networking and software for the HGMP-RC
administration, biology services and research divisions.

The research councils, either separately or in combination have funded centres,
projects and programmes in a number of different universities. For example:

-MRC Functional Genetics Unit and Human Genetics Unit

-BBSRC John Innes and Rodlin and structural biology groups

The resultant picture is of a hub (the Hinxton campus) and multiple smaller centres of
excellence dlied to defined areas where bioinformatics plays a significant role.

2.1.8 Non Gover nmental Organisations

The Sanger Centre is a genome research centre set up in 1992 by the Wellcome Trust
and the Medical Research Council in order to further knowledge of genomes, and in
particular to play a substantial role in the sequencing and interpretation of the human
genome. Sanger has been involved in large scale sequence activity with the notable
achievement of producing one third of the human genome sequence, the largest single
ingtitutional contribution. Currently 50-100 of its staff, out of a total of 650, have
bioinformatics as their core activity. They are engaged in extending nucleotide
sequence analysis to developing annotated versions of all vertebrate genomes, as a
reference for interpreting the human genome, an extension of ENSEMBL. The
collaboarive development of ENSEMBL with the EBI has been a significant activity
alongside the development and curation of Pfam, their protein motif database.

Crucially, the Sanger Centre is situated at the Hinxton Campus, alongside the EBI and
HGMP-RC. Through this combination, the Hinxton Campus is the main European
hub for bioinformatics.

% Interview with Dr Diane McLaren and Dr lan Viney for information about HGMP-RC and its
relationship to EBI and Sanger.
% \www.hgmp.mrc.ac.uk
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The Cancer Research Campaign and Imperial Cancer Research Fund (ICRF) have
also established research groups which have played an important role in the
development and application of bioinformatics. For example, the ICRF have severd
relevant research groups including the Advanced Computation Laboratory,
Biomolecular Modelling Laboratory, Computational Genome Analysis and Structural
Biology Laboratory (in conjunction with Birkbeck).

2.2 Bioinfor matics Networ ks

Much of the development of bioinformatic databases and tools takes place in inter-
ingtitutional networks. These networks span geographical boundaries and are situated
across private and public sectors. The networks cross boundaries between wet and dry
science and combine pure science objectives associated with generating improved
understanding about the nature of organisms and highly specific initiatives related to
direct application (often from the ‘low lying fruit’ described in section one). They are
also established with a variety of different objectives. Distinctively new combinations
of institutions are brought together in ways that exemplify the intermediatory
character of bioinformatics. There are a number of dimensions underpinning the
activities of these networks:

Networks for scale and capability integration

Public and private knowledge (competitive vs. precompetitive contexts)
Industrial ‘ecology’ and interfirm agreements

Geographical distribution of bioinformatics activity

Sectoral divergence

Networks for standards

Sk wdpE

These are now considered in turn.

2.2.1. Networks for scale and capability integration

The sheer size of the task of continued sequence, function and structure determination
means that it, in practice, it is highly improbable that a single institution would have
sufficient resources to ‘go it alone’ entirely. State-of-the-art expertise involved in the
use of bioinformatics is likely to become interlinked with institutions with radically
diverse capabilities.

Inter-institutional networks often involve interactions around dedicated bioinformatic
activities, both ‘upstream’ into the generation of biological data, and ‘downstream’
towards the development of products. Network 1 is an example of this, where the
inter-institutional linkages in one venture span mass spectrometry, data management
and analysis, and applications in the pharmaceutical industry.
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Network 1. Network for experimental biology, database development and
commer cial application

In April 2001, GeneProt (a felatively new biotechnology company) opened a
proteomics facility in Geneva™. The ‘factory’ will have 51 mass spectrometers
and advanced supercomputers to conduct protein analysis. The initiative is being
backed by pharmaceutical firm, Novartis, and computer manufacturer, Compag.
It is hoped that the facility will be in a position to supply synthetically produced
protein samples to pharmaceutical firms within a year. This demonstrates how
bioinformatics is at the node of linkages between very diverse capabilities,
gpanning from wet science, through to computer manufacture and drug
devel opment.

There are numerous commercial networks, established to bring synergy across the
required capabilities: in the case of network 1 the three firms bring proteomic,
computational and pharmaceutical knowledge to the project. Similar networks have
been established amongst public science institutions. These initiatives are often
globa in scale, with the Human Genome Project the most prominent. Hybrid
networks, constituted by public and private institutions, also play a major role in the
development of biological databases. The SNP consortium has aready been
described in section one (and will appear again later in this analysis). Another
example is the recently established Human Proteome Organisation (HUPO). HUPO
aims to be an enabling body, with the remit to raise the general profile of the Human
Proteome Project, foster international collaboration and ensure that governments and
the financial community are sufficiently informed about developments that they are
able to take advantage of the project deliverables. It is clear that these different
configurations between public and private actors have different objectives and exist in
different institutional contexts. Some of these differences are explored in the
following sections.

The above has described the formation of bioinformatics networks in a manner that
assumes the activities to be *big science’ in nature. Whilst the ‘scale’ issueis clearly
important, the range of bioinformatics activities can not be reduced to this
characterisation. Equally important are the small-scale networks that are established
to exchange specialist knowledge. In particular, this includes the next stages in
bioinformatic tool development, using more sophisticated algorithms, which requires
integration of capabilities between biology and mathematics. DBIFs such as Oxagen
have developed particular capabilities which match in microcosm the skill profile of
big pharmaceutical drug discovery in order to optimise network collaborations which

% “\World's largest leader facility in proteins field — Proteomics plant to open’, Financial Times 24™
April 2001.
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include themE.I Collaborations can be as small as one-to-one interactions between

academics; or in the commercia sphere, a ma