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The Director-General’s annual report

The DG reports are an integrated part of the Annual Reports of the European
Molecular Biology Laboratory (EMBL). Each covers highlights of one academic year,
in this case the second half of 2002 and the first of 2003. This Report focuses on three
items:

I. Background sections of an important strategic document 
(Strategic Forward Look , 2006-2015)

II. Some highlights of 2002-2003

III. 2002 reviews of EMBL’s scientific units
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priate to each level of the structural hierarchy
in complex systems, structural biology
remains just as important today for function-
al genomics and systems biology. It now
requires training and facilities in biochemistry,
molecular biology, protein expression, etc., as
well as the traditional specific requirements
for structural analysis per se. Because of its
clarity and precision, X-ray crystallography is
of central importance.While it is pursued in a
variety of institutional settings, its data cap-
ture is now done almost exclusively at syn-
chrotrons, making facilities such as EMBL-
Hamburg and EMBL-Grenoble of crucial
importance. The physical properties of 3rd
generation synchrotron beamlines make possi-
ble demanding projects, such as analysis of
small or heterogeneous crystals (such as those
from proteins and complexes that are inher-
ently difficult to crystallise), or crystals of
large unit cell size (large complexes). The
requirements include wet-biology facilities
suitable for sample preparation and crystallisa-
tion, X-ray beamlines, computational facilities
for converting data to structure, and a high
degree of automation. The automation is
desirable along the entire chain for high-
throughput structural genomics projects,
from protein purification to calculation of
structure. X-rays for synchrotrons are also
needed for a variety of non-crystallographic
structural studies, such as small-angle scatter-
ing (for non-crystalline structures and for
inferring overall shape and dynamics rather
than detailed structure of particles) and
EXAFS (for metal-containing structures).
How free-electron lasers such as those planned
at DESY inHamburg will be applied to struc-
tural biology is not yet fully established, but
the potential impact is enormous (e.g. in
structural holography).NMR, amethod com-
plementary to crystallography, is invaluable
for determination of macromolecular struc-
ture and dynamics in solution; although ini-
tially applicable to relatively small molecules,
new (and expensive) instruments are pushing
the methodology to ever larger proteins.
Structural biology based on electron
microscopy deals with large complexes. An
exciting new methodology, electron micro-
scopic tomography, is highly promising for
identifying structural features such as protein
complexes in the context of the entire cell,
linking structural analysis from the molecular
to the cellular levels. As an important compo-
nent of Systems Biology across these two key
organisational levels, an ambitious goal that is

appearing above the horizon is 3D imaging of
whole cells at 2-10 nm resolution.

B.EMBL: A Brief Overview
EMBL is an unusual and complex institution,
best understood by those with first-hand
experience.The SFL document is addressed to
a diverse audience, ranging from those who
have worked in or helped supervise the
Laboratory in the past, to those who only
know it by reputation or from the scientific
literature. Therefore, a section on the history
and current features of EMBL is an essential
component of this document. For concise-
ness, a summary is included here.

EMBL is currently supported by 16 member
states, including 13 members of the European
Union plus Switzerland, Norway and Israel.
Its Units are located in the central laboratory
in Heidelberg and at four branches
(Outstations): in Hinxton (the European Bio-
informatics Institute, EBI), in Monterotondo
(the Mouse Biology Unit), in Grenoble (a
Structural Biology Unit associated with the
ESRF synchrotron and the ILL neutron facil-
ities) and in Hamburg (also a Structural
Biology Unit associated with the DESY syn-
chrotron). EMBL as a whole employs 1000
people, of whom almost 70% (including five
Programmes or Research Units, a central
administration and support personnel) are in
Heidelberg, and the rest in the Outstations.
The current Research Units in Heidelberg are
Structural and Computational Biology; Gene
Expression; Cell Biology and Biophysics;
Developmental Biology and Biochemical
Instrumentation.

The four central missions of the institution
are basic research; development of enabling
technologies and instruments; provision of
facilities and services for the broader scientific
community; and both intra- and extramural
advanced training. These core functions are
combined with significant outreach activities.
These include a proactive programme of
Technology Transfer, a Science and Society
Programme and an Office of Information and
Public Affairs (OIPA). Finally, the current
Scientific Programme of EMBL, approved by
the member states, envisages the involvement
of EMBL in a network of substantive inter-
institutional partnerships. The first major
example is the recently established “Partner-
ship for Structural Biology” (PSB) in
Grenoble that links the Grenoble Outstation
with two international facilities, ESRF and
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As EMBL enters its fourth decade, and in
preparation for the search for its next

Director-General who is expected to take
office in May 2005, the Laboratory is formu-
lating an “SFL” document as a broad guide to
the future. This is being prepared by the
Director-General and the Scientific Director,
in consultation with a Steering Committee
appointed by EMBL Council and with input
from the scientific community and the mem-
ber states. The process was launched in
November 2002 and will culminate with a
vote in the EMBL Council, in November
2003. As the process is ongoing, here we only
present some background sections.They focus
on our view of broad developments in the life
sciences that are relevant to EMBL activities,
and may be of general importance. They also
summarise EMBL’s present state, and its his-
tory and performance.

A.The Life Sciences: Recent Past
and the Next Decade

1. The Successive Revolutions of Modern
Biology

In the last 50 years, the Life Sciences have
moved to the frontier of the exact sciences,
thanks to molecular biology. Three successive
(and overlapping) revolutions have brought us
close to a fundamental understanding of the
complex phenomena of life. This is an objec-
tive at least as interesting as understanding the
ultimate makeup of inanimate matter, or the
grand-scale organisation of the cosmos.
Understanding life is also related to a pro-
found, ongoing revolution in technology: in
medicine, in agriculture, and in industrial
production.

The first revolution of modern biology, classi-
cal molecular biology, is conventionally dated
from 1953 but was based on robust earlier
foundations: biochemistry and structural biol-
ogy, both of which established the importance
of molecular recognition, and genetics which
provided a formal framework for describing
the phenomena of heredity. The understand-
ing of the structure of DNA and its correlates
ushered in a new, informational and decided-
ly reductionist view of Biology. Until the early
1970’s, attention was focussed primarily on

understanding the fundamentals of the flow
of genetic information, from DNA to RNA
and protein, studying the simplest possible
organisms with the tools of microbial genetics,
biochemistry and structural biology.
Structural molecular biologists followed up on
the earlier triumphs of biochemistry by
demonstrating that molecular recognition of
substrates in the active sites of enzymes and
recognition between macromolecules exhibit
exquisite stereospecificity, which can be traced
ultimately to the linear sequence of DNA in
the genes.

The second revolution, classical eukaryotic
molecular biology, took centre stage in the
‘70s and ‘80s. It was propelled by the devel-
opment of convenient methods to isolate,
sequence, manipulate and transfer specific
DNAs between organisms (recombinant
DNA, DNA sequencing, transgenesis); it also
relied heavily on eukaryotic genetics.This sec-
ond revolution introduced molecular
approaches to study higher levels of biological
complexity (molecular, cell and developmen-
tal biology). Increasingly it focussed attention
on selected model organisms: yeast, the plant
Arabidopsis thaliana, the worm Caenorhabditis
elegans, the fruitfly Drosophila melanogaster,
and the mouse. Aspects of human biology that
could be studied ex vivo (e.g. oncogenic trans-
formation) also came under intensive study.

A third revolution, genomics and functional
genomics, is now in full swing; a fourth, sys-
tems biology, is just beginning. These will be
discussed in greater detail in the following sec-
tions.

2. Genomics and Functional Genomics

This third revolution focuses on the complete
description of the genome (i.e. the total genet-
ic information content) and its implementa-
tion in the organism. It arose in the ‘80s,
closely associated with the development of
bioinformatics. It gathered steam with high-
throughput methods for DNA sequencing,
protein sequencing by mass spectrometry and
DNA amplification using PCR. Landmark
achievements were the complete description
of cell lineages in C. elegans, the sequencing of
whole genomes, the development of new
genetic techniques for convenient and regulat-

I. Strategic Forward Look, 2006-2015:
Background sections
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ed gene manipulation in vivo (such as gene
knockout, conditional gene activation or loss,
and most recently RNAi). A natural sequel
was the emergence of “omics” science in
recent years: description of the complete pro-
tein set in an organism or in specific cell types
(proteomics), complete genome expression
profiles by microarray analysis (transcrip-
tomics), large-scale protein-protein interac-
tion mapping (interactomics), phenotypic
analysis (phenomics), protein localisation
(toponomics), metabolic analysis (metabol-
omics), etc. “Omics” science has created a new
style of “discovery-driven” research, generat-
ing massive data sets that lead to the subse-
quent formulation of new hypotheses and
their testing by more classical research meth-
ods. The study of model organisms has
become vastly more detailed and rigorous.

Important new organisms (both microbes and
higher plants or animals, including humans)
that were previously ill-suited to modern biol-
ogy have come under intensive study. It is now
often faster to sequence the genome of a
pathogen than to find a way to culture and
study it in the laboratory. Probably the most
momentous trend is the ongoing convergence
of Biology and Medicine, highlighted by an
approach that is often termed Molecular
Medicine; it connects basic biomedical
research with applied research for new diag-
nostics and clinical interventions (including
novel pharmaceuticals), and leads towards the
emergence of personalised medicine.

As foreseen by EMBL’s Scientific Programme
2001-2005, Functional Genomics is currently
the cutting edge of the Life Sciences.
Sequencing genomes and related high-
throughput approaches to molecular descrip-
tion have become not ends-in-themselves, but
powerful discovery tools that now must be
fully integrated with experimental biology.

3. The Unification of Biology

In the era of functional genomics, and the
overlapping era of systems biology that is now
beginning, the Life Sciences are undergoing a
profound structural transformation. Histori-
cally, they operated as a collection of narrow,
even parochial disciplines guarding well-
defined territories. Progressively, and increas-
ingly rapidly, these internal boundaries are
collapsing and Biology is becoming unified
from the molecular to the organismic level,
along two axes: across the evolutionary tree
(diversity of life), and across the successive lev-

els of internal organisation (complexity of
life). The first unification is based on the cen-
tral historical fact of life on earth, its evolu-
tionary continuity, which is becoming ever
more obvious at the molecular level.
Evolution is now directly relevant to our
understanding of the functional organisation
of genomes, cells and organisms. Gene con-
servation in a particular organism, or the lack
of conservation, can provide important clues
as to the physiology of the organism.

The second unification is based on our mech-
anistic conviction, but also accumulating evi-
dence, that the composition of a living system
at one level (say the molecular) can indeed
explain its organisation at the next level (say
the level of subcellular structure). In this view
of life, properties that govern the organisation
and dynamics of the system at the next level
emerge from the nature of the components of
the system at the prior level, including the
abundance, localisation, detailed structure
and modifications of the components, their
inherent biochemical properties and their
interactions. For example, progress is now
being made at EMBL and elsewhere in under-
standing major switches in the morphology of
cells during the progression from interphase
to mitosis, in terms of the molecular proper-
ties and compositional changes of the
cytoskeletal system. As explained below, our
understanding of the transitions between dif-
ferent levels of organisation is progressing by a
combination of experimental and theoretical
analysis.

In the future perspective, this unification
could become as profound as unifying the
physical sciences, from elementary particles to
condensed matter physics and chemistry.
Even then we would be far from a complete
theory of life:molecular tools have entered the
study of biodiversity, ecology and other supra-
organismic domains, but the unification of
these domains with the underlying domains,
from the molecule to the organism, remains a
task for a more distant future. In a different
dimension, however, Biology is now reaching
across its historic outer limits and is clearly
becoming an interdisciplinary science. Obvi-
ous examples are bioinformatics and chemical
biology. Furthermore, new fields of biophysics
and biomathematics are developing, in pur-
suit of novel experimental tools, rigorously
testable biological simulations and models
that are becoming invaluable for deepening
our understanding of biological systems.

 -’  
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4. Systems Biology

This sequel to Functional Genomics has
become known as Systems Biology, and it rep-
resents the beginning of a fourth revolution. It
differs from classical molecular biology in
focussing the attempts to understand func-
tioning not on individual genes or proteins,
but on multimolecular “modules” and ever
more complex integrated systems. Some mod-
ules are dynamic complexes or machines,
which can either be relatively stable (e.g. the
ribosome, the proteasome) or more transient
assemblies (e.g. the combinations of transcrip-
tion factors on active promoters, the spliceo-
some). Others are specific segments and
branches of biochemical pathways (e.g. certain
segments of signal transduction cascades). To
understand how a module works, we need to
have its parts list, but also to know its intra-
cellular localisation and the physicochemical
and functional interactions of its components
at different concentrations and different states
of modification. Biology is becoming more
rigorous and quantitative, as we begin to take
into account in precise terms the concentra-
tions, the intrinsic activities and the interac-
tions of the component parts, as well as their
“connectivity” (whether they are positive or
negative in function, activators or inhibitors).
Furthermore, modules are increasingly
revealed as neither invariant nor isolated.
Recent work (some of it done at EMBL and
Cellzome, one of its spin-off companies)
emphasises that numerous proteins are
dynamic, being either transiently or more sta-
bly associated with several distinct protein
complexes. Ever more complex systems are
beginning to yield integrated understanding
e.g. the transition of cells from interphase to
mitosis, the pattern formation system of the
embryo, the formation of morphogenetically
very specific and functionally distinct organs,
such as the leaves and roots in a plant, or the
heart and brain of a human. In sum, Systems
Biology represents a profound transition,
away from “one gene – one function” thinking
towards viewing living systems as gene-based
networks of components, modifications and
interactions, resulting in the properties of the
system as a whole. The challenge now is to
understand such networks quantitatively and
in terms of the principles of control theory
and of their evolution.

Far from being descriptive, this new view of
life is predictive in emphasis. It requires quan-
titative studies, integration of information,
computational approaches (modelling and

simulation) as well as broad programmes of
technologically complex experimentation. It
demands close collaboration between scien-
tists, and a combination of approaches: exper-
imental, computational and engineering. The
aim is both to infer the logic of the system’s
operation and to re-engineer the system to test
the validity of our understanding. Over time,
Systems Biology will progress to become cen-
tral to Biology.

In summary, Systems Biology will help us
understand what are usually referred to as
emergent properties of a biological system, i.e.
those that are ultimately conditioned but not
easily deduced from the behaviour of its indi-
vidual parts:

• How the molecular properties of the cell’s
constituents lead to the complex organisa-
tion and the integrated, sophisticated
properties of the cell.

• How the properties of molecules and cells
lead to the predictable development of
organs and the organism as a whole.

• How the properties of molecules, cells and
organs lead to the integrated function of
the organism, its normal physiology and
its failure in disease.

• Beyond providing understanding, Systems
Biology will guide efforts, first in model
systems and then in medicine, to regain or
even improve function: by re-engineering
and chemically influencing the activities
not so much of individual genes, but of
modules and systems.

5. Fields that are not addressed

The focus of the preceding sections, and
much that follows, is centred on fundamental
aspects of the Life Sciences, from the molecu-
lar to the organismic level, and on enabling
technologies that facilitate such studies. This
reflects an underlying assumption: that the
research activities of EMBL should be funda-
mental in orientation and rooted in molecular
biology. Therefore we have not considered at
all, or considered only in passing, the applied
fields of agriculture and medicine, as well as
biotechnology and bioengineering. For a dif-
ferent reason we are not addressing plant biol-
ogy: this domain is vibrant, important and
distinct enough to justify a special pro-
gramme, and fits the remit of EMBL.
However, it is not likely that adequate
resources will be available to mount such a
programme in addition to what we consider
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the irreducible minimum of what EMBL
should cover. We also will not address sepa-
rately some important fields such as virology
or immunology, which can be viewed as spe-
cialities of molecular/cellular/developmental
biology and are of particular interest because
of their special medical implications. In the
context of EMBL, these fields can be treated
adequately only through partnerships, al-
though they can also be (and occasionally are)
represented at EMBL within broader Research
Units that cover a particular level of biological
organisation. Elsewhere we will touch briefly
upon an interdisciplinary area, the
Neurosciences, which is both important and
progressively relevant to the evolving focus of
EMBL.

6. Implications for Biological Research
Centres

One implication of the continuing explosive
growth and importance of the molecular life
sciences is the need for substantial financial
investments. Ambitious funding of the life sci-
ences is already a dramatic trend in the USA
(which is reported to spend more on biomed-
ical research than all of its “competitors” com-
bined). Europe will need to hold its own in
this strategically important domain, and this
will require significant new resources, in line
with the Barcelona declaration on European
competitiveness. Equally important will be
the necessary institutional changes. The con-
tinuing importance of Functional Genomics
and the emergence of Systems Biology will
require considerable intensification and redi-
rection of efforts in the major biological and
biomedical centres in the world. We will
exemplify these trends by considering some
fields that are centrally important for EMBL.

• Molecular, cellular and developmental biol-
ogy (MCDB) will remain the central founda-
tion for the progress of fundamental biology
(and many applications), but will be pursued
in a more integrated manner, further erasing
the boundaries between these coalescing
fields. MCDB practitioners will need even
broader training in experimental methods
than now: in molecular biology, biochemistry,
genetics, chemical biology and diverse imag-
ing methods. They will need access to much
greater automation, integrated laboratory
management systems (LIMS) and high-
throughput screening. They will depend on
ever more sophisticated core facilities for pro-
tein and nucleic acid sequencing and synthe-
sis, for quantitative proteomics, for macro-

molecular (protein and nucleic acid) chip
analysis, for antibody and other specificity
reagents, for microinjection, for sorting (cells,
tissues, developmental stages), for high-
throughput, robotic assays, and for advanced
and diverse microscopies (e.g. in vivo molecu-
lar imaging, interaction imaging, videomi-
croscopy, whole-organism imaging, etc.).They
will need to be fluent users of bioinformatics
resources, and sufficiently trained in mathe-
matics to appreciate and productively collabo-
rate with scientists engaged in modelling and
simulation.

•The importance of bioinformatics and com-
putational biology will increase dramatically.
The shift from descriptive to quantitative and
predictive biology will require that novel and
vast datasets be captured, stored, made pub-
licly available and utilised. This will require
major new information resources and new
underlying methodologies. Database searches
will need to become much faster, wider and
unimpeded between what are currently sepa-
rate databases. New approaches will be
required for knowledge representation, text
mining, machine learning and modelling at
different granularities. New information
resources will be needed, to make accessible
and permit integration of vast amounts of new
data. It will be essential to describe in standard
language and to make machine-accessible the
novel information. This information will
encompass molecular polymorphism and
population genetics; biomolecules, protein
interactions, modules and networks; metabol-
ic fluxes; chemoinformatics; complex images
including cellular phenotypes and atlases (cel-
lular, anatomical and developmental) with
superimposed molecular information; host-
pathogen interactions; molecular medicine;
quality-controlled clinical studies; and
biobank datasets that will integrate biomolec-
ular and medical information. For modelling
and simulation projects of increasing com-
plexity and scope, substantial new expertise
rooted in mathematics and physics will be
needed, in addition to sophisticated and well-
curated new information resources and major
computational capacity. It is quite likely that
the life sciences will require the GRID and
distributed computing at least as much as the
physical sciences will. All biologists will
require substantial training in bioinformatics
and computational biology.

• Structural biology is a broad domain that
was seminal for the origin of molecular biolo-
gy. With the development of methods appro-

EMBL_engl_IV_XXIII  02.06.2003  10:57 Uhr  Seite viii



EMBL_Bild_IV_XXIII  02.06.2003  7:21 Uhr  Seite x

|

 -’  

ILL, and a French national institution
(Institut de Biologie Structurale). Additional
collaborative agreements of this nature are
being discussed currently.

For the first two decades of its existence,
EMBL consisted of the interdisciplinary head-
quarters laboratory in Heidelberg, and two
relatively small structural biology Outstations
in Hamburg and Grenoble. It was well
endowed to pursue its four-fold mission. This
phase established an enormously successful
research and training institution also open to
visiting scientists whom it supported by train-
ing and access to facilities. The institution
became known as the home of a distinctive
scientific community: youthful, highly inter-
national, vibrant, with critical mass, highest
standards and world-class research achieve-
ments. Amongst the early scientific landmarks
were the elucidation of genetic hierarchies
underlying embryonic development in
Drosophila, utilisation of X-rays from synchro-
trons for structural biology, invention of vitri-
fication techniques for cryoelectron micro-
scopy, the introduction of bioinformatics and
databases in Europe and the emergence of an
influential school of molecular cell biology.
Success was based on recruiting highly talent-
ed young scientists and giving them support,
complete independence, and a stimulating
collaborative environment. Moreover, a
turnover system based on time-limited
appointments became a defining feature; it
ensured that these scientists, after they suc-
ceeded at EMBL, moved on to the national
systems. The consequences were an unusual
degree of flexibility for EMBL, but also dis-
semination of EMBL’s expertise as well as its
successful scientific culture and organisational
model through the mobility of the alumni as
well as by direct emulation by other institu-
tions. These are abiding features of EMBL,
and continue to generate benefits to the mem-
ber states that are at least as important as its
research results and direct services.

In a second phase, during the 1990’s, EMBL
deliberately deepened its integration with the
dispersed national research systems. This was
achieved by the creation of two new
Outstations for bioinformatics (Hinxton, in
1993) and mouse biology (Monterotondo, in
1998); by a strong emphasis on service provi-
sion through essential bioinformatics resourc-
es; and by a substantial increase in advanced
training through an enhanced visitors pro-
gramme and a major, exceptionally successful,
International PhD Programme. This was a

decade of tremendous growth and change in
the molecular life sciences. However, in com-
mon with institutions in many parts of
Europe, the Laboratory was initially faced
with almost stagnant resources. Nevertheless,
it managed to attain these ambitious pro-
grammatic goals, simultaneously consolidated
and reoriented its research activities to address
the new scientific opportunities and chal-
lenges, and continued to build an outstanding
scientific record, both in basic research and in
enabling technologies (e.g. RNA metabolism
and RNP assembly and maturation; lipid/pro-
tein rafts in membranes; protein sequencing
using nanoelectrospray mass spectrometry;
development of software for analysis of bio-
logical problems). External funding from
multiple sources and EMBL’s institutional
flexibility proved essential for the success of
the institution during this difficult period.
Timely research initiatives (functional genom-
ics, bioinformatics research, systems biology)
were initiated but not on the desired scale,
because of a gap in resources. The two new
Outstations and a Developmental Biology
Programme were established, while other suc-
cessful and necessary Programmes suffered
painful cuts, especially in Heidelberg.

A third vigorous phase was initiated with the
adoption of a new Scientific Programme in
2000, and the simultaneous provision of
essential new resources. EMBL capitalised on
this opportunity rapidly, with an integrated
focus on functional genomics that involves all
sites of the Laboratory. As part of this initia-
tive the structural biology Outstations were
reinforced and have assumed leading roles in
European structural genomics programmes.
The establishment of the inter-institutional
partnership in Grenoble (PSB) marks a suc-
cessful beginning of a partnership programme
that the EMBL leadership had conceived ten
years ago, aiming to complement the success
of the Laboratory itself with the success of a
broad network of associated laboratories to
which EMBL contributes the appropriate ele-
ments of its expertise. It became possible to
recruit new directors for EBI and
Monterotondo and to promote bioinformat-
ics and mouse biology research, respectively.
The service programme of the EBI came to
fruition, with reinforced and new biomolecu-
lar information resources, which are vital for
the life scientist community in both academia
and industry. Core facilities of a new genera-
tion (genomic, proteomic, advanced
microscopy) are operative in Heidelberg, sup-
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porting cutting edge research from the molec-
ular to the organismic level of organisation.
This research integrates new high-throughput
methodologies with EMBL’s traditional
strengths in computational, molecular, cellu-
lar and developmental biology. The new
methods have substantially raised the cost of
research, pushing against the available
resources. However, the dynamism of the
Laboratory has enabled it to renew and reori-
ent itself into a position from which it can
look forward to the challenges of the next
decade.

C. The Origins of EMBL
The post-war II period in Europe was marked
by a ferment to develop both political and sci-
entific supranational institutions in Europe.
In the scientific domain CERN, a centre ded-
icated to high energy physics (founded in
1954), was an early and spectacular success. It
promoted similar initiatives in other fields,
such as a collaborative nuclear fusion effort
(already in 1957), the launch of the European
Space Agency in March 1962 and the estab-
lishment of the European Southern
Observatory in October 1962. A Hungarian-
born American visitor to CERN, Leo Szílard
(who was a physicist turned molecular biolo-
gist and self-described roving ambassador for
Biology) proposed a CERN-like international
laboratory for molecular biology. The concept
was strongly promoted by Victor F.
Weisskopf, the Director General of CERN
(an Austrian-born American on leave from
MIT). Together they discussed this proposal
with John C. Kendrew and James D.Watson,
who had stopped by CERN in December
1962, immediately following their Nobel
Prize investiture ceremonies. Kendrew became
an enthusiastic convert to the concept of the
international laboratory, for which he worked
assiduously until it came into being as EMBL
(in July 1974) with the signature of the
founding treaty Agreement by the tenth coun-
try, France. Kendrew served as the first
Director General of EMBL until 1982, when
he was succeeded by Lennart Philipson. The
third Director General, Fotis C. Kafatos, took
office in April 1993, and John Tooze served as
Acting Director for a transition phase, until
January 1994.

In addition to the pioneers (Kendrew, Szílard,
Weisskopf, Watson) and CERN, major credit
belongs to the founders of EMBO, and
EMBO itself. A dozen scientists (predomi-

nantly molecular biologists) who participated
in related discussions in Geneva inMarch and
June 1963 relating to establishment of an
international laboratory and other European-
scale activities for biologists. A broader group
of 25 biologists met at the invitation of the
Italian Physical Society at Ravello, in
September 1963. For that meeting, Kendrew
had drafted the major part of a “Proposal for
a European Organisation of Fundamental
Biology,” based on the previous discussions in
Geneva. The largest section dealt with the
international laboratory, provisionally named
CERB, by analogy with CERN. The British
developmental geneticist (not molecular biol-
ogist) C.H. Waddington had contributed to
the draft a section proposing a “European
Federal Biological Organisation (EFBO),”
with purposes that included communication,
exchanges and reciprocal uses of facilities by
scientists working in different laboratories,
postdoctoral fellowships, a smaller number of
more senior posts, training courses, and meet-
ings of various sizes. The proposed EFBO
would consist of a small number of leading
labs, scattered throughout Europe, initially
not more than 10-15. These would be select-
ed for being very active in research, with
expensive equipment and facilities that would
be made available to scientists from other labs.
Individual membership was foreseen for a
number of leading biologists. Waddington’s
proposal twice mentioned in passing the
Central lab, as distinct from the federated
labs.

The 1963 proposal, largely the work of
Kendrew, is an eloquent, historic document.
It outlines the need to strengthen European
fundamental biology in the face of the greater
success of the US which it ascribes to the pro-
vision of funds and facilities, large inter-disci-
plinary centres of research, a pattern of mobil-
ity, exchanges and easy communication,
attractive posts for able young scientists, and
an academic structure more flexible than
Europe’s. It notes the efforts made, on a small
scale, to remedy the European problems: the
organisation of an International Laboratory of
Genetics and Biophysics in Naples, by A.
Buzzati-Traverso, and a planned federation of
a small number of European laboratories
within the UNESCO-supported, global
International Cell Research Organisation
(ICRO). The proposal then sets forth a case
and a programme for the International
Laboratory, which impressively resembles
what EMBL has become and strives towards
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(e.g. dedicated to fundamental and complete
understanding, operating on a large scale,
endowed with critical mass, interdisciplinary,
with facilities, conditions of work and equip-
ment of the best standards, with personnel
selected by excellence rather than quotas, with
advanced training activities, with staff
turnover, “a place for the young”).

According to the summary of the proceedings
of the Ravello meeting, the agenda was to dis-
cuss the proposals for:

I. the foundation of a European laboratory
of fundamental biology

II. the formation of a federal organisation of
existing European laboratories of funda-
mental biology

as summarised in the Kendrew/Waddington
paper. A majority of those present were in
favour of both schemes, and it was decided to
set up a European Molecular Biology
Organisation (EMBO) with the following
objects:

I. to promote both the proposals mentioned
above;

II. to act as a clearing-house for discussion of
international initiatives of all kinds in the
field of molecular biology;

III. to consider the possibility of establishing a
European fund for research in fundamen-
tal biology to help meet the situation
which will result if the threatened drastic
reduction in the United States support
(for research outside the USA) takes place.

Thus EMBO was established (formally so in
July 1964), as an organisation of leading biol-
ogists of all European countries, with non-
Europeans as associate members. Two sub-
committees were already set up in Ravello, the
Laboratory Subcommittee chaired by Kendrew,
and the Federal Organisation Subcommittee
chaired by Buzzati-Traverso.

It was clear that there was insufficient political
support at the time to establish an independ-
ent laboratory, on the lines of CERN,
although the majority of those present at the
meeting favoured its creation. Therefore the
Laboratory Subcommittee was asked to
explore the possibility of a laboratory associat-
ed with, or part of, a WHO-proposed World
Health Research Centre, and if that failed (as
it did) to revert to the idea of an independent
laboratory analogous to CERN. In July 1964
the Swiss Federal Government indicated
through E. Kellenberger its willingness to take

a diplomatic initiative, to persuade other
European governments to establish EMBL
and to support the other aspects of the
EMBO programme.

The EMBO programme of courses, meetings
and fellowships started up in 1966, with ini-
tial funding provided by the government of
Israel and the VW Foundation and was very
popular. Its fantastic success was instrumental
in establishing the reputation of EMBO for
excellence, and facilitated other initiatives.
The scheme of federating existing laboratories
(as distinct from activities based on individual
scientists) did not proceed. However,
Kendrew and his Committee, under the
umbrella of a Special Project of EMBO and
later EMBC, worked methodically and with
persistent dedication and ultimately succeed-
ed in establishing the Laboratory, EMBL.

The detailed subsequent history is outside the
scope of the present document. The Swiss
diplomatic initiative led to the establishment
of an intergovernmental organisation, the
European Molecular Biology Conference
(EMBC) in April 1970, initially for 5 years, in
support of the EMBO-managed general pro-
gramme (the EMBC Agreement has been
renewed periodically since then). The coun-
tries were not prepared at the time to establish
EMBL, but the EMBC provided a permanent
forum at the intergovernmental level where
the Laboratory project could be discussed.
Following an EMBO-convened planning
meeting in Konstanz (November 1969), the
EMBO Laboratory Committee worked up
detailed plans; the EMBC set up related work-
ing groups (November 1970) including repre-
sentatives of the EMBO Council; the plans
took definite shape by 1972; and by that year
Heidelberg had been selected as the site for
the central laboratory, with outstations in
Hamburg (at DESY) and Grenoble (at ILL).
Kendrew was formally appointed Project
Leader, in 1973 the Swiss government invited
the nine other interested governments to sign
the Laboratory Agreement, and this was con-
cluded by July 1974.

In conclusion, EMBL has multiple roots
rather than a single parent.They can be traced
to multiple institutions (CERN, EMBO,
EMBC), scientific communities (molecular
biologists and physicists) and visionary scien-
tists (especially Kendrew, Szílard and
Weisskopf ). While CERN and the physicists
were instrumental in launching the concept
(which also profited from the remarkable sci-
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entific success of CERN), EMBO, and its
dedicated Laboratory Committee under
Kendrew were essential in incubating, refining
and promoting the project. The Laboratory
was warmly embraced by the EMBO mem-
bership over time, and was colloquially known
as the EMBO Laboratory. EMBC was an
important intergovernmental platform for
discussion. The Swiss government provided
invaluable diplomatic help.

Reciprocally, EMBL invited EMBO to
Heidelberg and provided free accommodation
in its building thereafter. The Laboratory
made available land for the EMBO building,
and continues to provide services and utilities
to EMBO at a cost of some 300KEuro per
year. The two organisations, autonomous but
linked by history and common mission, col-
laborate extensively when appropriate.
EMBL’s connection with CERN and the
physical sciences is looser, but has been
resumed by membership in the cooperative
body of the large European research facilities,
the EIROforum, and by the recently conclud-
ed Partnership for Structural Biology in
Grenoble, which includes ESRF and ILL.
There is an increasing interest in physicists
working at EMBL, which will increase sub-
stantially as the Laboratory moves strongly
into Systems Biology.

D. EMBL: Central Features and a
Sample of Accomplishments

EMBL was conceived at the height of the first
molecular biology revolution, but for financial
reasons its establishment was delayed until the
early days of the second, eukaryotic molecular
biology revolution. As mentioned above, in
the early period it consisted of the central
multidisciplinary laboratory in Heidelberg
and two small Structural Biology Outstations,
in Hamburg and Grenoble. The third
Outstation, the European Bioinformatics
Institute (EBI), was founded in 1993, and has
grown rapidly since then. The fourth, the
Mouse Biology Programme at Monterotondo,
was agreed in 1994 but actually opened in
1998. In the last few years, the EMBL system
has operated with approximately 1000 people,
of whom ca. 810 are scientific and technical
personnel: ca. 100 members of the research
faculty, 310 technical staff, 140 postdoctoral
fellows, 170 PhD students and 90 others
(trainees, diploma students, visitors). The
administrative and support staff has been
approximately 90, while locally-recruited

staff, mostly for user-supported services
(guesthouse, canteen, child care facilities, etc.)
and temporary staff have totalled approxi-
mately 110. Of the current annual budget of
95.6MEuro (in 2003), 59.1MEuro comes
from subscriptions of the currently 16
Member States, 14.5MEuro from personnel
contributions (internal tax, pension contribu-
tions) and 22MEuro from external sources.

EMBL has been a very special institution
throughout its history, with a four-fold mis-
sion and very distinctive features.Two central-
ly important missions have been cutting-edge
basic research emphasising model organisms,
and the development of enabling technologies
and instrumentation. A third, related mission
has been provision of facilities and services for
the broader community. The most prominent
service components are the biomolecular
information resources of the EBI and the syn-
chrotron associated structural biology facili-
ties at Hamburg andGrenoble.These are used
very widely by the external scientific commu-
nity, both on-site (especially in Hamburg and
Grenoble) and by remote access (especially at
the EBI). However, the Core Facility
Programme and the Research Programmes in
Heidelberg also sustain an active programme
for visitors, both as facility users and as
research collaborators; visitors account for
approximately 11% of the EMBL-Heidelberg
personnel at any one time.The fourth mission
of EMBL, advanced training, is pursued
through an exceptionally active programme of
practical courses, workshops and conferences
that bring ca. 1700 scientist participants from
throughout the world to EMBL annually. In
pursuit of its training mission, EMBL is
authorised to grant its own PhD, but prefers
to utilise interinstitutional agreements with
Universities (thus far 10 Universities in 8
countries) for granting joint doctoral degrees.
In summary, EMBL is unusual amongst
research institutions in having a broad and
well-integrated programme of basic research,
methodology/instrumentation development,
advanced training and service provision.

A prominent special feature of EMBL is inter-
disciplinarity. This has been a deliberate
attribute, as the Laboratory has developed a
diverse scientific community since its incep-
tion, welcoming physicists, chemists, engi-
neers, mathematicians, computer scientists,
medical scientists, in addition to molecular
biologists and biochemists.
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A second special feature is internationality.
Currently, nationals of 57 countries work at
EMBL, and no single nationality predomi-
nates. The lingua franca is English, but many
languages are heard in the canteen and the
laboratories. EMBL is committed to inclu-
siveness, advertises its positions widely and
manages to maintain national diversity and
reasonable gender balance, while adhering to
the cardinal principle that all appointments
are based on individual merit. In practice,
approximately 20% of the personnel are non-
member state nationals. Similarly, the
Scientific Advisory Committee (SAC) is
multinational, consisting of distinguished
international scientists with no one nationali-
ty predominating. The same is true for the
panels of experts that assist the SAC in con-
ducting in-depth quadrennial reviews of each
EMBL Unit.

A third feature of EMBL is the youthfulness
of its faculty. In turn this is the consequence
of a fourth, most unusual feature. In princi-
ple, all staff positions at EMBL are temporary.
Circa 88% of the staff hold term appoint-
ments of 3 or 5 years renewable to a limit of 9
years. The more senior scientific staff that the
Laboratory needs for continuity in its pro-
grammes, or because they are practically irre-
placeable, typically hold rolling tenure (open-
ended contracts subject to termination). No
permanent appointments whatsoever have
been given at EMBL in the last decade, and
none are foreseen for the future.

The above four features are foundation stones,
and were already stressed in the 1963
Kendrew proposal.They are at the root of two
other remarkable characteristics, openness and
flexibility.The EMBL is a place where careful-
ly selected and predominantly young scientists
can do their personal best, with significant
institutional support, good facilities and guar-
anteed intellectual freedom. It is not a place
for anyone to build large empires or rest iso-
lated on their laurels. Scientific policy guides
the appointments, and ongoing mentoring is
available from the Heads of Units and more
senior colleagues, but this does not compro-
mise the guaranteed independence of even the
newest faculty members. Despite this empha-
sis on independence, the faculty (who are not
competing with each other for tenure) fre-
quently find it exceptionally helpful to collab-
orate. Thus, they capitalise on the multidisci-
plinary and open-door policy of the laborato-
ry by forming transient collaborative teams
possessing complementary expertise, that can

rapidly exploit new opportunities and become
competitive with much larger teams in the
world’s best known institutions. The atmos-
phere encourages new, daring initiatives that,
with freely available collegial feedback and
subject to sufficient resources, frequently suc-
ceed. Both in individual groups and within
(even long-established) Units, the science
done changes rapidly, allowing the institution
to remain at the forefront.

As a result of careful recruitment, the unique
scientific environment and the personnel
turnover policy, EMBL exports a very large
number of young and highly accomplished
scientists annually (approximately 2000 since
the beginning). Roughly 15% of the research
faculty turn over every year. Typically they
obtain senior appointments in their own
country or elsewhere: full professorships,
institute directorships, etc. Significantly, their
international experience seems to promote
their willingness to work abroad. Our statis-
tics show that, on average, approximately two
thirds of the alumni move on from EMBL to
their own country and one third to countries
other than their own. Many of the young fac-
ulty are recruited by EMBL from postdoctor-
al positions in the US and are attracted back
to Europe by the EMBL environment and its
associated opportunities. Conversely, a large
majority of EMBL’s departing faculty mem-
bers remain in Europe, allowing EMBL to
serve as a “European repatriation” agency.
Most member countries benefit from EMBL
in this manner, although the degree to which
they do so differs in interesting ways, reflect-
ing differences in the local environments (see
EMBL Annual Report 2001). The EMBL
turnover system, and our extensive pro-
grammes for visiting collaborations, and train-
ing, have generated a remarkable scientific
network across Europe and beyond. This net-
work has now become more visible, with the
formation of the EMBL Alumni Association.
The alumni have spread the influence of
EMBL, and are affecting the organisation and
practice of science in Europe in a manner far
beyond what might be expected from the rel-
atively modest size and the recent origin of the
Laboratory.

EMBL’s effect on the practice of science,
whether promoted via the alumni or more
indirectly, is evident in a number of institu-
tions, especially in Europe. Notable examples
are the research division of the Institut Curie
in Paris, the Institute of Molecular Pathology
in Vienna, and the Max Planck Institute for

EMBL_engl_IV_XXIII  02.06.2003  10:57 Uhr  Seite xiv



EMBL_Bild_IV_XXIII  02.06.2003  7:21 Uhr  Seite xix

|m|

Structural Biology (PSB) in November 2002.
This alliance of EMBL with two other inter-
national laboratories, the European
Synchrotron Radiation Facility (ESRF) and
the Institut Laue-Langevin (ILL), as well as a
French national laboratory, Institut de
Biologie Structurale (IBS) is a pioneering ini-
tiative that will help consolidate the role of
Grenoble as a world center for Structural
Biology. It will entail a new shared building
connected to EMBL-Grenoble, a new undula-
tor beamline dedicated to structural biology, a
deuteration laboratory and new facilities for
protein expression and crystallisation. The
agreement establishing PSB was signed by the
Directors-General of EMBL, ESRF, ILL and
the appropriate Directors of CNRS and CEA
on behalf of IBS, at an important gathering of
scientists and local leaders. The French
Minister of Research was represented by her
Chief of Cabinet. There was a fruitful
exchange of views with the French authorities
indicating a very strong commitment to the
European dimension, including interactions
with EMBL. The presentation made by the
DG of EMBL is illustrated in Figure A.
Another development was the formation of a
new French institute, Institut de Virologie
Moléculaire et Structurale, headed by Rob
Ruigrok, a long-serving and valuable group
leader at EMBL-Grenoble, who stepped down
to assume this position at the beginning of
2003.

EIROforum. This interdisciplinary collabora-
tion of the seven European research institu-
tions/facilities (CERN, EMBL, ESA, ESO,
ESRF, ILL, JET/EFDA) is an important com-
ponent of the European Research Area.
EMBL holds the rotating chairmanship for
the 2002-2003 academic year. An excellent
joint exhibit of the respective activities was
created for the launching conference of the
EU’s Framework Programme 6, and it was
well attended. A press event included the sign-
ing of the EIROforum Charter, a short speech
by Commissioner P. Busquin and a question
and answer session. The thematic working
groups of EIROforum currently deal with the
GRID, instrumentation (especially next-gen-
eration detectors), education and outreach,
and with exchange of information on person-
nel matters. The education/outreach activities
are complementary to those on which EMBL
collaborates with EMBO, and include an
interdisciplinary European Science Teachers
Initiative partly derived from the CERN/

ESA/ESO “Physics on Stage” annual event (in
the future “Science on Stage”).

EMBL Alumni Association. The EMBL
Alumni Association is an established organisa-
tion independent of EMBL, with charitable
status under German law. Its core aim is to
promote science and scientific exchange in the
field of molecular life sciences throughout
Europe, in continuing interaction with
EMBL. Persons eligible to join are former staff
and employees, students, members of EMBL
Council and SAC and others who have
worked at EMBL for a significant period of
time. After an initial incubation period, the
Alumni Association is now becoming active.
Elections were held in April 2003 to establish
an Alumni Association Board. The elected
members are Prof. Angus Lamond, Chair
(Dundee, UK), Mr. Albert Stegmüller,
Treasurer (St. Leon-Rot, Germany), Dr. Colin
Dingwall (Harlow, UK), Dr. Sabine Hentze
(Heidelberg, Germany), Dr. Daniel Louvard
(Paris, France), Dr. Annalisa Pastore (London,
UK), Prof. Lennart Philipson (Stockholm,
Sweden), Dr. Renata Stripecke (Los Angeles,
USA), Dr. Juan Valcárcel (Barcelona, Spain),
and Dr. Marino Zerial (Dresden, Germany)

Thus far nearly 700 alumni have registered for
the Association. Additional alumni continue
to register via the web (http://www.embl-hei-
delberg.de/ alumni) and will be accepted by
the Board periodically. OIPA is helping the
Association’s effort to contact all the alumni
and encourage them to join. The Association
is exploring the best approach to operate
internationally in a tax-exempt manner. Initial
projects are focused on establishing alumni
association chapters wherever they may be,
development of fundraising plans for the
Association, and preparation of events for
2003 and 2004, with the major Alumni
Association meeting scheduled for 2004, to
celebrate EMBL’s 30 years as an institution).

Joint PhD Programmes. Under the leader-
ship of Matthias Hentze and Anne Ephrussi,
the International EMBL PhD Programme has
achieved exceptional quality. The 16 member
states acting via the EMBL Council have
authorised the Laboratory by a unanimous
decision to grant its own international PhD
degree. As encouraged by Council, EMBL
thus far has chosen to develop joint PhD
Programmes with academic national institu-
tions permitting the awarding of joint degrees
to EMBL students. Currently, agreements
have been signed with the following institu-
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Molecular Cell Biology and Genetics in
Dresden. Less systematic but wide-spread
influence of the EMBLmodel can be found in
the many universities with alumni, or scien-
tists who otherwise had extensive contact with
the EMBL system.

The Laboratory stresses flexibility, and
changes continuously. This is exemplified by
the fact that, of the nine present Heads of
Research Units, six took on this task within
the last eight years. Not only are two of the
four Outstations new (EBI and
Monterotondo), but three of the five
Heidelberg Programmes (Cell Biology and
Biophysics, Developmental Biology, and
Structural and Computational Biology) have
been created during the same period by
absorbing old programmes. Even the rest of
the Units have changed substantially in
research direction in the last decade. This fer-
ment is reflected in the following list, that
provides a sample of scientific and technical
highlights from EMBL.

• Genetic control of development in
Drosophila (C. Nüsslein-Volhard and E.
Wieschaus). Identification of many of the
genes responsible for establishing the body
plan of insect embryos. The first attempt
to analyse function on a genome-wide
scale, recognised by the Nobel Prize in
1995.

• Introduction of X-rays produced in syn-
chrotrons to the study of biomolecules (K.
Holmes). The first example of the now
commonplace harnessing of powerful X-
ray sources for structural biology.

• Cryoelectron microscopy (J. Dubochet).
Development of vitrification methods that
allowed study of unfixed biological sam-
ples.

• Membrane traffic in the cell (K. Simons
M. Zerial, B. Dobberstein and others).
How proteins are targeted to distinct sub-
cellular membranes, and how these com-
partments are defined.

• First public DNA databases (G. Hamm,
G. Cameron and others). These are now
part of the definitive international collec-
tion of DNA sequences; EMBL, GEN-
BANK, DDBJ.

• Protein rafts in membranes (K. Simons).
Establishment of a role for specific lipids
in organising membrane domains.

• X-ray detector devices for synchrotrons (C.
Boulin, A. Gabriel, M. Koch, J. Hendrix,
K.Wilson). Automatic, rapid collection of
X-ray diffraction data in digital form.

• Early “EMBL” vectors for genetic engi-
neering (K. Murray, G. Cesareni, R.
Cortese, H. Lehrach).

• Early confocal microscope (E. Stelzer).

• Photosynthetic reaction centre structure
(W. Kühlbrandt). A very high resolution
EM-based structure of the critical mem-
brane protein that turns light energy into
chemical energy.

• RNAi-based functional genomic screen for
cell division mutants in C. elegans (A.
Hyman). Among the first wide-scale func-
tional screens that made use of a metazoan
genomic sequence.

• Pharmacia line of DNA sequencers (W.
Ansorge).

• Eppendorf microinjector (W. Ansorge).
An automated device for the microinjec-
tion into individual cells.

• Oncogene identification and cellular func-
tion (T. Graf, B. Vennström, D.
Bohmann, E. Wagner, R. Muller &
Others). A series of studies that identified
the cellular counterparts of oncogenes and
analysed the mechanisms of oncogenesis.

• SRS (T. Etzold). A system to navigate
between various databases.

• Clustal (D. Higgins, T. Gibson). A pro-
gramme that produces alignments of mul-
tiple sequences.

• GenQuiz (C. Sander). The first automatic
gene annotation system.

• SMART (P. Bork). A tool that identifies
and classifies protein domains, heavily
used by the signalling and genomic com-
munities.

• Ensembl (E. Birney & others, in collabo-
ration with the Sanger Institute).The lead-
ing annotated presentation of the human
and other metazoan genomes. An extreme-
ly efficient genomic resource with very
heavy use.

• Array Express (A. Brazma). The first sys-
tem for collecting and organising microar-
ray expression data.

• Modified RNA oligonucleotide tools (A.
Lamond, B. Sproat). Development and
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synthesis of chemical tools that are widely
used in analysis of RNA metabolism both
in vivo and in vitro.

• RNA metabolism (M. Hentze, A.
Lamond, I. Mattaj, D. Tollervey & oth-
ers). Extensive, diverse studies on the
mechanisms and regulation of post-tran-
scriptional steps in gene expression.

• Nucleocytoplasmic transport; Cell and
Structural Biology (I. Mattaj, E.
Izaurralde, C. Müller, E. Conti).
Identification and both functional and
structural analysis of the mediators of
macromolecular transport between the
nucleus and cytoplasm.

• Cytoskeletal organisation (E. Karsenti, F.
Nedelec, T. Surrey & others). The begin-
nings of a Systems Analysis of the reorgan-
isation of the microtubule cytoskeleton
between interphase and mitosis, when the
mitotic spindle is formed.

• Cell and tissue polarity and organisation
(A. Ephrussi, M. Mlodzik, K. Simons &
others). The importance of cell polarity in
underpinning the cell-cell interactions that
guide development, from the establish-
ment of embryonic axes to the organisa-
tion of epithelial tissues.

• Protein design (L. Serrano). The only
intensively tested automatic protein design
algorithm currently available.

• Microdiffractometer and end-stations for
High Intensity X-ray Beamlines (A.
Thompson, F. Cipriani & others). Design
and building of tools for the manipulation
of synchrotron radiation and for sample
handling at beamline endstations.

• Mass spectrometry for Biology (M. Mann,
M. Wilm & others). Development of
hardware and software that enormously
expanded the usefulness of mass spectrom-
etry in Biology.

• Proteomics methodology: TAP-TAG
method (B. Séraphin). A rapid, non-dis-
ruptive method for purifying macromolec-
ular complexes intact.

• Mouse neurogenetics (R. Klein, L.
Minichiello & others). Discovery of bidi-
rectional signalling complexes and their
role in axon guidance.

• Comparative genomics of Anopheles (P.
Bork, F.C. Kafatos). An early example of
comparative whole-genome analysis.

• Structural analysis of RNA metabolism (S.
Cusack). Analysis of the molecular basis
for translational fidelity and other aspects
of RNA metabolism.

• Breakdown and assembly of the nucleus (J.
Ellenberg, I. Mattaj). Identification of the
mechanisms and regulators of mitotic
nuclear breakdown and reassembly.

• Assembly and remodelling of chromatin
(P. Becker). Development of in vitro sys-
tems that faithfully assemble chromatin
templates for functional study.

• Cell signalling in morphogenesis (S.
Cohen& others).Demonstration that gra-
dients of secreted signalling proteins pro-
vide positional information that organises
the body plan.

• DALI (L. Holm, C. Sander). DALI allows
automatic comparison of protein struc-
tures to elucidate evolutionary relation-
ships.

• InterPro (R. Apweiler & others). An inte-
grated documentation resource for protein
families, domains and functional sites.
InterPro integrates PROSITE PRINTS,
Pfam, ProDom, SMART and TIGRFAM
annotations. It, like Array Express is an
early example of how the EBI can act to
integrate and coordinate databases and
other computational resources.

• ARP/WARP, ATSAS (V. Lamzin, A.
Perrakis, D. Svergun). Software packages
for automatic interpretation of synchro-
tron radiation data from X-ray diffraction
and small-angle scattering.

• Titin sequence, function and structure (S.
Labeit, M. Gautel, K. Leonard, M.
Wilmanns, A. Pastore). An interdiscipli-
nary effort at understanding Titin, the
largest human protein that forms the
“third filament” of sacromeres in muscle
cells.

• SWISSPROT and TrEMBL (R. Apweiler,
A, Bairoch & others in both the EBI and
the SIB). Two databases that annotate pro-
tein sequences with functional informa-
tion. TrEMBL generates protein sequence
computationally from the DNA sequence
database then annotates these sequences
automatically. SWISSPROT includes
extensive manual annotation and is recog-
nised as the most valuable database of
information on proteins. It was started by
Aimos Bairoch in the SIB, but has been
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developed in collaboration with EMBL for
many years.

This list also makes clear the unique and abid-
ing role of the Heidelberg Laboratory in the
EMBL system. This is where the majority of
the well-known research contributions of
EMBL have been made over the years, in
Molecular, Cell and Developmental Biology,
but also in Instrumentation. The EBI grew
out of the EMBL Data Library and the
Biocomputing tradition, which were devel-
oped at EMBL-Heidelberg for more than a
decade, and represented the main origin of
Bioinformatics in Europe. Recruitment to all
Outstations is significantly facilitated by the
association with EMBL-Heidelberg. Critical
mass, multidisciplinarity, turnover, adequate
resources and independence of young investi-
gators have nourished the EMBL system in
Heidelberg, and have established the high
standards and world reputation of the
Laboratory. While the role of the Heidelberg
Laboratory remains essential, what has
changed in the last few years is that the
Outstations have greatly gained in impor-
tance. Furthermore, a strong emphasis has
been placed on coordinating and integrating
the activities of EMBL across all five sites.
These changes have already created highly

fruitful cross-Unit scientific collaborations
which are key for the future because of the
changes in Biology that were summarised in
Section A.

A third change in recent years has been the
development of a professional technology
transfer policy at EMBL, with the establish-
ment of a wholly-owned TT-company
(EMBLEM GmbH), an investment fund
(EMBL Technology Fund) and several spin-
off companies. A clear benefit of this develop-
ment for the broader scientific community is
the demonstration that socially valuable appli-
cations, as well as job creation, originate in
centres of research excellence. An important
benefit for EMBL is the opportunity for large
scale public-private research collaborations,
leading to discoveries that are of great scientif-
ic interest but beyond the capacity of the
infrastructure available at EMBL or most
other European research centres.One example
is the previously mentioned collaboration
with Cellzome AG on protein complexes
encoded by the yeast genome. A longer term
benefit for EMBL will be the utilisation of its
share of stock equity for the development of
an endowment, the EMBL Innovation Fund.
However, significant income from this fund in
the next five years is most unlikely.

II. Some highlights of 2002-2003

EMBL is becoming closely integrated oper-
ationally across all five of its locations,

through the work of our new senior manage-
ment body, the Heads of Units committee.
We are strengthening the infrastructure and
capabilities of all five EMBL branches in a
coordinated manner, while carefully preserv-
ing the flexibility and bottom-up initiative
that are the hallmarks of the EMBL system.
Simultaneously, we are pursuing the deeper
integration of EMBL with other institutions
in Europe through partnerships. Finally, the
EMBL is integrating high-throughput ap-
proaches in its scientific work, greatly ampli-
fying the power of its traditional strength in
structural, molecular, cellular and develop-
mental biology.Here are the highlights at each
site.

EMBL-EBI at Hinxton. Under the leadership
of the new Director, Janet Thornton, and with

the continuing vital guidance of the services
by the Associate Director, Graham Cameron,
the EBI is flourishing. It is capitalising on its
new external and internal funding to solidify
the strength of its major information resources
and to begin the planned growth of its
research activities. A remarkable development
is the recent approval of a major new grant
from the NIH to support SWISS-PROT,
replacing the funding we were collecting
through industrial licenses and thus returning
this powerful information resource to our pre-
ferred mode of operation, free access to all sci-
entists. A reorganisation has fused our
SWISS-PROT and EMBL bank sequence
analysis teams under joint management, opti-
mising the use of expert talent and other
resources by creating new flexibility and syn-
ergy. Our microarray standardisation, dissem-
ination and data analysis resource, Array
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Express is becoming a world standard. The
European Macromolecular Structure database
is advancing towards a world-partnership with
the American equivalent. Ensembl is moving
beyond the initial singular focus on the
human genome towards becoming the pre-
mier genome presentation and comparison
tool for animals. A level ground permitting
the EBI to compete for EU infrastructure sup-
port funds remains vitally important for sus-
tained delivery of the EBI’s services that are so
vital for the life sciences in Europe.

The research side of the EBI has been
strengthened with the fully functioning new
groups of J. Thornton and N. Goldman. P.
Matthews is an active new Coordinator for
the current Industry Programme that is direct-
ed to and supported by the large pharmaceu-
ticals and consumer goods companies. J.
Thornton is coordinating the development of
a five-year plan for the EBI as a whole and is
approaching the UK agencies for funding that
will be necessary to extend the EBI’s space by
constructing a building on the footprint
already dedicated to this purpose in the suc-
cessful 1992 bid of the UK for the EBI.

EMBL-Heidelberg. The intensity of func-
tional genomics activities in the Headquarters
Laboratory was greatly enhanced by a number
of developments this year. A substantial num-
ber of group leaders have now incorporated
this approach in their research strategies. E.
Furlong, a new group leader, was recruited
from Stanford who is combining microarray
and genetic data in a powerful study of mus-
cle development and physiology in Droso-
phila. October 4 was a landmark in the histo-
ry of malaria research, with the coordinated
publication of the genome sequences and
analyses for the Plasmodium parasite and the
Anopheles mosquito vector, in special issues of
Nature and Science, respectively. This land-
mark was celebrated with simultaneous press
conferences in Washington, London and
Paris, and received extensive press coverage.
EMBL was a major participant in this
achievement. Ensembl was responsible for
genome presentations, while EMBL-Heidel-
berg was responsible for the comparative and
functional genomics analyses of the mosquito
genome. The latter contributions were led by
the Kafatos and Bork groups. The core facili-
ties and the Wilm group also contributed to
related studies.

Another highlight in Heidelberg was an
exceptionally good Functional Genomics

meeting organised by EMBL in October, co-
funded by EMBO. It reminded some of the
senior participants of the excitement of the
first HUGO genome meeting. It left a deep
impression in our community and it will
inform searches for future faculty members.
Of course, EMBL-Heidelberg continues to
run broad and effective training programme
(practical courses, workshops, conferences) in
collaboration with EMBO; this is a strong fea-
ture of the synergistic relationship of these
two sister organisations. Amongst the many
meetings, I wish to single out for special men-
tion the recent very successful 3rd joint
EMBL/EMBO conference on Science and
Society on Infectious Diseases and Bio-
terrorism, for which H. Stefánsson was the
lead organiser, and the recent 3rd PhD stu-
dent-organised Symposium on Membranes
and Compartments in Biology. The latter has
become a remarkable tradition, that reflects
the quality and initiative of the EMBL PhD
Students. They totally organised the
Symposium, from the selection and invitation
of the speakers to the fundraising. This year
150 students were selected to attend from 25
countries, not just from EMBLmember states
but from as far away as Japan, India, South
Africa and the USA. The major funding came
from the EU and company sponsors/exhib-
itors. EMBO sponsored two speakers, and the
German Society for Biochemistry and
Molecular Biology (GBM) awarded a prize to
the best poster (out of the 50 posters that the
students selected for presentation by partici-
pants).

EMBL-Hamburg and EMBL-Monterot-
ondo. These Outstations will be discussed in
next year’s DG Report. In brief, under the
leadership of Matthias Wilmanns EMBL-
Hamburg continued to grow in stature. It is
now playing central roles in structural
genomics initiatives in Europe. The building
was renovated and extended, greatly improv-
ing the conditions of work in the Outstation.
EMBL-Monterotondo is buzzing under the
new coordinator, Nadia Rosenthal.The arrival
of the sixth group leader and a new staff sci-
entist in January 2003 has completed the fac-
ulty recruitments, and the new Animal House
is scheduled for completion in early summer,
making EMBL’s newest branch ready to live
up to its potential.

EMBL-Grenoble. The most important devel-
opment in this our second-oldest Outstation,
under the leadership of Stephen Cusack, was
the formal launch of the Partnership for
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tions, creating an important distributed part-
nership for international graduate education:

• University of Crete, Greece
• Université Joseph Fourier de Grenoble,

France
• Universidade Nova de Lisboa, Portugal
• Katholieke Universiteit Njimegen, The

Netherlands

• Eötvös Loránd University, Hungary

• Universidad Autónoma de Madrid, Spain

• Université de Strasbourg, France

• Universidade de Lisboa, Portugal

• University of Dundee, United Kingdom

• University of Heidelberg, Germany.

Figure A. Presentation made by EMBL’s Director-General Fotis C. Kafatos at the signing of the Partnership
for Structural Biology (PSB) between EMBL, ESRF, ILL, and the IBS.

1. Biology in the 21st Century: A Double Frontier

• A revoultion in science: fundamental under-
standing of life
(at least as interesting as knowing the planets, the
cosmos, the fundamental particles of matter)

• The beginning of a revolution in technology:
medicine, chemical industry, agriculture

2. The Three Revolutions in Biology

• Classical molecular biology (1940’s-1960’s)
- DNA -> RNA -> Protein
- Simplest possible organisms

• Eukaryotic molecular biology (1970’s-1980’s)
- Recombinant DNA; DNA sequencing; 

transgenesis
- Molecular Cell & Developmental Biology
- Model eukaryotes: yeast, nematode,

Drosophila, mouse

• Genomics & Postgenomics (1980’s - ?)
- High-throughput methods:

• Whole genome sequencing
• Protein sequencing by Mass Spectrometry
• Bioinformatics

- Discovery-driven research (“-omics”)
- From model organisms to human biology
- Convergence of Biology &Medicine

3. Genomics 2002

• Genome: ALL the genes, ALL the DNA
The complete dictionary of an organism

• Already:
- 50 microorganisms, including pathogens
- Yeast & protozoa (malaria parasite)
- Nematode, Drosophila, mosquito, fish, mouse
- Rice, Arabidopsis
- Draft human genome

• Development of rapid “resequencing”

• Knowledge & more
- Deep understanding of Biology
- Antimicrobials of narrow specificity
- Genetic identity cards for personalised

medicine and disease prevention

4. In the Postgenomic Era, Biology is:

• Breaking its internal boundaries between
specialties

• Unifying our understanding across the
evolutionary tree

• Unifying our understanding of emergent
properties at multiple levels of organisational
complexity
- molecules, molecular machines
- subcellular compartments & the cell
- multicellular tissues, organs, organisms

• Molecular methods are entering the
supraorganismic domain: evolution, ecology,
biodiversity
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6. Functional Genomics: Genomics in Biology

• Sequencing genomes is not an end-in-itself: Like
bioinformatics, proteomics and other high-
throughput approaches,

• Genomics must be integrated with experimental
biology (genetic, molecular, cellular,
developmental)

• To understand integrative biology, complex
biological systems

Systems Biology 

7. Constituent Approaches to Functional
Genomics (Genomics in Biology)

• Molecular, Cellular and Developmental Biology
• Bioinformatics
• Comparative Genomics

• Genome Expression Analysis (DNA Chips)
• High-Throughput Genetics 

(Genome Disruption and Gain of Function)
• Genome Polymorphism (and Quantitative

Genetics)

• Proteomics/Protein interactions
• Structural Genomics (Structural Proteomics)

8. New Challenges for Structural Biology

• High-throughput structural determination of

• Proteins and their variants
• Molecular complexes
• Molecular machines

10. Biology in the 21st Century

• From a collection of parochial disciplines

• To integrated, interdisciplinary science

11. Like the Science, Institutions Must Change

• Flexible internal organisation:
from isolated departments, to a collegial matrix
(the analogue of dynamic molecular machines)

• Inter-institutional cooperation
- Integrated projects
- Networks of Centres of Excellence
- Partnerships

12. EIROFORUM

5. From reductionism

to

Integrated Understanding 
of Complex Biological Systems
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III. 2002 Reviews of EMBL’s 
Scientific Units

EMBL units are reviewed in depth quadri-
annually by expert international panels

organised by the external Scientific Advisory
Committee. To ensure frankness, the review
reports are submitted in confidence to
Council and the Director-General. The for-
mal responses of the Director-General to the
reports are made public, to communicate the
adjustments made by the Laboratory in
response to the reviews, when needed.

Director General’s Response to the
Structural and Computational Biology
Programme External Review Panel Report

EMBL Heidelberg 16 & 17 May 2002

1. I am grateful to the Review Panel (consist-
ing of well-recognised international
experts, including appropriate SAC mem-
bers), for their intensive work during the
review, and for their perceptive, discrimi-
nating and most valuable report.

2. It is a pleasure for me to agree with them
and to note that Luis Serrano and Peer
Bork have been exceptionally successful as
Coordinator and Associate Coordinator of
the Structural and Computational Biology
(SCB) Programme, respectively, in the year
since Matti Saraste’s tragic death. Building
on the recruitments that Matti had made,
they have reshaped the vision for this
EMBL Unit, overcoming isolationism,
infusing new excitement, a strong sense of
cohesion, and a central focus on protein
complexes. These features are very consis-
tent with EMBL’s Scientific Programme
2001-2005, with the context of the rest of
EMBL, and with our emphasis on both
collegiality and independence.

3. Given their success and the interdiscipli-
nary nature of SCB, I intend to continue
the dual leadership structure in this
Programme. It will be a major loss for
EMBL when Luis Serrano moves to
Madrid in late 2004, but also a part of the
EMBL model, and a great benefit for
Spain. Consistent with recommendations,
I intend to bring in an outstanding
Coordinator from the experimental side,
and to continue to enlist the enormous tal-
ents and energy of Peer Bork as Associate

Coordinator.

4. Needless to say, I am delighted and agree
with the finding that SCB (and EMBL in
general) is one of the world’s top institu-
tions in building outstanding careers in
molecular biology; and that SCB is among
the world’s finest institutions in integrat-
ing biology with structural and computa-
tional biology

5. In a scientific era that demands interdisci-
plinarity and integration of the multiple
components of modern biology, EMBL
has the opportunity and challenge to inte-
grate its strengths, even when they are
located geographically far apart. I am very
happy with the numerous collaborations
that have developed in recent years
between SCB and the rest of EMBL-
Heidelberg, as well as EMBL-Hamburg,
but concur that there is still room for more
extensive interactions between SCB,
EMBL-Hinxton and EMBL-Grenoble. I
will continue to promote these interac-
tions, which require efforts from each side,
and will benefit each side.

6. The panel has correctly emphasised that in
order for the ambitious focus of SCB on
large complexes and systems biology to
succeed, maintenance of strength in the
existing methodologies and increased
strength in NMR, tomography, molecular
imaging and related aspects of computa-
tional biology will be required. The limits
that we face for personnel resources will
indeed be a challenge. I will continue to
argue strenuously that additional resources
are needed in Heidelberg, as well as in
other parts of EMBL.

7. I am pleased by the endorsement of the
panel for most of the new directions
planned for SCB. Tomography of cells is a
top priority, and I am hopeful that with
significant external funding and some reas-
signment of internal resources, we will be
able to upgrade our EM capacity accord-
ingly. Similarly, structural genomics of
protein complexes is a must, and will re-
quire additional external support as well as
joint efforts with the Outstations, as dis-
cussed above. Systems Biology (which is
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also pursued in Cell Biology and Bio-
physics) is an opportunity we should not
miss. For metabolomics, following the
review we came to the conclusion that this
field is not a vehicle for strengthening
NMR. We will continue to explore this
area carefully, as potential interface with
both chemistry and integrative biology.

8. I am grateful for the incisive and discrimi-
nating reviews of individual investigators,
which I have already discussed with them
in detail personally. I am in general agree-
ment with, and intend to act on, the
advice.

Fotis C. Kafatos
Director-General
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What are we learning from genomes?

How fast is our species evolving? Is the pace the same in humans, other mammals, and
insects? What kinds of defects in the genetic information in our cells lead to disease, and

which are harmless? Is all that "extra" DNA in our genomes really junk, or does it serve a func-
tion that we simply haven’t discovered yet?

The questions come fast and furious from the researchers around a table at the cafeteria at the
EBI. There is a brief lull in the conversation as the sun emerges, illuminating all the long panes
in the building’s tall, glass facade. A few students wander outside to sit on a massive wooden
log, the remains of a famous tree, now carved into a spiral like the horn of a narwhal, repre-
senting DNA. "What were we talking about?" someone says, and everybody laughs.

"I guess you’re getting the right impression," says  , who has been making tree-like
diagrams on the back of a reprint of one of his articles. "There’s a vast amount to be learned
from comparing the mouse and human genomes. What we don’t know far outweighs what we
have discovered. We’re just scratching the surface. But at least we’ve established the limits of the
problem. It’s like finishing the borders of the puzzle, and we can make a very solid plan for pro-
ceeding forward."

If anyone ought to have an overview of the work to be done, it’s Ewan; he has occupied a cen-
tral position in the assembly and analysis of the genomes that are steadily being added to the
EBI’s repertoire of biological information. He’s a designer and custodian of Ensembl, a database
and set of tools built around the complete DNA sequences of multicellular organisms, such as
ourselves.

Ensembl has had a busy year, largely because of the completion of several genomes that will
have a direct bearing on issues of human health: Plasmodium, the one-celled organism that

3

The Wellcome Trust Human Genome Campus, home to EMBL’s European Bioinformatics Institute
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causes malaria, and Anopheles gambiae, the species of mosquito most responsible for its trans-
mission to humans. Just as those sequences came on-line, scientists finished a draft version of
the mouse genome, along with its initial comparison to our own sequence.

Scientists almost universally regard this small, timid cousin as the key to understanding our-
selves. It’s largely up to Ensembl to draw the lines between the two species.

Ensembl is jointly run by EMBL and the Sanger Institute, the EBI’s neighbor on theWellcome
Trust Genome Campus in Hinxton. At 40 scientists, the project is currently the largest team in
the world devoted to developing a public version of genomes. The job is not only to assemble
puzzle-like fragments of DNA sequences into coherent maps, providing biologists with high-
quality data as quickly as possible, but also to develop the software necessary to understand
genomes.

And as big as this effort is, it’s still only part of the bigger picture at the EBI. Over the past
twenty years, EMBL has been creating and nurturing a set of databases that attempt to give a
complete, all-around view of the molecular level of life. "There’s still a lot to be done," says
 , who has headed the effort for nearly all that time, "but the major pieces are
in place; they are functioning well; they are becoming more tightly integrated every day, despite
an explosion of genomic and other forms of data." The EBI’s resources have become essential
for scientists throughout Europe and the rest of the world. Understanding life means drawing
what used to be widely-diverse types of information into an ever-tightening net of highly-inter-
active data.

Graham and Ewan and their colleagues feel adamantly that this will depend on making both
data and source code for the tools completely accessible to the public. It will allow informati-
cists to do "geeky" things, Ewan says, and the software they make will be the quickest way to
get at the information hidden away in gigabases of genetic information.

The mouse genome makes a compelling case for this approach.The ultimate goal, according to
the paper on the mouse that appeared in the Dec. 2002 issue of Nature, is to "read evolution’s
laboratory notebook," through comparative genomics. "With knowledge of both genomes, bio-
medical studies of human genes can be complemented by experimental manipulations of cor-
responding mouse genes to accelerate functional understanding. In this respect, the mouse is
unsurpassed as a model system for probing mammalian biology and human disease."

The best thing to do is to get a copy of the full article, which is full of those fascinating insights
and tantalizing questions that Ewan refers to. "The value comes not only from our close evo-
lutionary relationship to the mouse – we diverged from a common ancestor about 75 million
years ago," he says. "That’s a blink of the eye in genomic time. It’s also that the mouse has been
so intensively studied in laboratories for a century, just as long as the fly. There’s a one-to-one
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correspondence of about 99% of our genes. This means it’s often possible to create extremely
faithful models of human diseases in the mouse."

Thousands of diseases have been connected to flaws in our genetic code. And genes often play
an equally important role in infectious diseases, which are usually accompanied by an active
participation from the cells of the host. Understanding these processes will require studying
them in a model organism as close to ourselves as possible.

A prerequisite for that is a complete list of genes. "Until now," Ewan says, "you couldn’t be
absolutely sure you had the one mouse gene that best corresponds to a specific human mole-
cule. That’s necessary if you want to develop a model for a disease."

For example, Ensembl’s comparison of the two genomes revealed that the mouse has two mol-
ecules closely related to a single human gene called RFX5. Millions of years ago, the common
ancestor of humans and mice had a single gene for this molecule; over time, the mouse acquired
a second copy – a common event in evolution.

Researchers know that when RFX5 is missing or fails in humans, the result is a severe immune
deficiency disease.They’ve tried to simulate it by removing the gene in mice. But until now, sci-
entists only knew of one mouse RFX5, and animals without the molecule haven’t shown any
symptoms.

Polyptych : “Colored humanchromosomes #1 - 25”, by Jacques Deshaies 2002
20 x 25 cm - Acrylic on canvas - Used with the kind permission of the artist

www.JacquesDeshaies.com
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"Why is that so important?" Ewan says. "Well, one gene can often take over the functions of
another that’s closely related to it. So if scientists ‘knock out’ one RFX5 in the mouse, the other
one might be taking over. You won’t understand what’s happening unless you know that the
copy exists.What people may try to do now to model the disease is remove both mouse genes."

Alongside many other specific examples, the study produced a wealth of general information
about the nature of genomes and how they change. While the mouse seems to have almost
exactly the same number of genes as humans – currently estimated at between 30,000-40,000
genes – the overall amount ofDNA in mouse cells is significantly smaller: by about 14 per cent.
Over the course of evolution, genomes grow and shrink in size as DNA is acquired and lost;
the difference probably reflects a higher rate of loss in the mouse.

If the two genomes are so similar, why are humans and mice so different? Slight variations in
related versions of a gene can have huge effects on cells and an organism. And the one per cent
difference still adds up to several hundred genes unique to each species. Often these genes are
acquired by copying errors – such as the duplication of RFX5.

Occasionally the mouse has four or five copies of a gene where humans have only one. Those
cases are telling: fourteen such multi-copy gene clusters are somehow involved in mouse repro-
duction or its sense of smell. "This fits with particular features of the mouse, such as its high

reproductive rate," Ewan says. "Smell is closely tied to reproduction. And the mouse has larger
litters, which means there will be additional differences; for example, the placenta is built dif-
ferently."

Genes related to immunity also show wide variation. This is to be expected, Ewan says: differ-
ences in our species’ lifestyles put them in contact with different pools of disease. Rapid adap-
tation to such threats is a key to survival.

One thing that causes a problem for Ensembl – and any computer-based analysis of the genome
– is something called a pseudogene. This is usually a "memory" of a gene that was damaged far-
ther back in the evolutionary tree; a mutation or some other mistake made it incapable of cre-
ating proteins. As long as it isn’t too dangerous, it gets copied along with the rest of the DNA
and passed along to offspring. Since it retains most of the hallmarks of functional genes, it can
fool computer algorithms that are trying to detect them in the genome sequence.

 ’s group in Heidelberg has gotten good at finding pseudogenes, and the scientists
helped out with the mouse genome effort by tracking them down. "If a pseudogene has been
identified in another species, it tells you to look closely at the related sequences in the new
genome," Peer says. "Another thing you can do is to take predicted genes and perform ‘virtual

Nick Goldman, SimonWhelan and Ewan Birney

:
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translations’, which means you look at what sort of
messenger RNA and proteins they would yield. The
result will sometimes break a fundamental rule the
nature of these molecules, which points to a pseudo-
gene."

These methods turned up thousands of pseudogenes
in the mouse genome – many of which had tricked
analysis programs into calling them genes.
"Everything we learn from Peer and others gets
channeled back into the algorithms that have to dis-
tinguish between real genes and sequences that
merely look like them," Ewan says.

Across the table are   and Simon
Whelan, a member of his research group. Nick came
to the EBI to work on models of evolution: heavy,
complex, mathematical stuff. But the intent is to
answer fundamental questions: Are we evolving at
the same rate as mice? How important is natural
selection in shaping our DNA?

"We think we can get answers from a careful reading
of the genomes," Nick says. "You have to realize
what an absolutely new situation this is, to have such
a close relative to compare ourselves to. But the
problem is complex because of the incredible
amount of data." Nick’s group is creating the analyt-
ical tools necessary to tackle these questions, and he
and Simon collaborated with a group from the
University of California in Santa Cruz to perform
some of the analyses.

Curiously, it looks like the mouse is evolving faster –
maybe as much as four times faster than humans.
This is surely due in part to the fact that the mouse
reproduces more rapidly, although we don’t know
how long that’s been the case.

Overall, Nick says, a predictable amount of change
has occurred between the two species. The genome
sequence changes steadily, like seconds ticking by on
a digital clock. During the past 75 million years,
about every other base has changed. That may seem
like a lot, but for the bioinformaticist it’s a useful
amount. It means you can compare much more than
genes between the two species. You can also get a
handle on all other DNA – the "junk".

One of the surprises of the study is that about five
per cent of the genome changes at a much lower rate
than the rest. "You expect that with genes," Nick
says, "but genes account for significantly less than
five per cent. It means that more of the DNA than
we have thought is under the control of selective
pressure. This probably largely involves regulatory
areas – regions of DNA that influence how genes are
activated – some of which we don’t yet understand."

Another thing that Nick and his colleagues are meas-
uring is the overall chemical landscape of the
genome.The four bases that composeDNA come in

The base pairs that make up DNA
aren’t distributed evenly across the
human genome. Some regions have
many more G-C pairs than A-Ts (shown
in the middle column). Such regions
usually have more genes (left column).
This correlation is much weaker in the
mouse (below), where base pairs are
more evenly distributed.
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pairs. Where you find an "A" on one strand of the helix, you’ll find a "T" opposite it. "G" is
paired with "C". Figuring that out was a major breakthrough which permitted James Watson
and Francis Crick to weld pieces of metal and wire into an elegant double helix without twist-
ing any of the subunits so far that they broke the laws of chemistry. 

For many years, scientists have known that the number of GC pairs in our genome is higher
than the number of AT pairs, and that there are "islands" in which GCs are very rich. "GC
regions usually contain many more genes, and are less subject to change," Nick says. "The
mouse genome gives us a good system to see whether this is a general principle, or something
special in humans. We found that in the mouse this trend isn’t nearly as clear. There are far
fewer ‘peaks and valleys’; there’s a much flatter distribution, and the tendency for GC regions
to be gene-rich is much less clear."

What does this mean? There are some theo-
ries, Nick and Ewan say, but nobody really
knows. What will it take to answer the ques-
tion? A lot of experiments, they say, and
more complete genomes. 

"Which ones?" Nick challenges.

They talk about it for awhile, and start draw-
ing evolutionary trees again. They’re excited
about fish: medaka, which the Japanese plan
to finish next year, and of course the zebra-
fish. They agree that the dog genome would
be very good.

But if he could have any one he wants, Nick
would choose the wallaby. It’s interesting, he
says, because it split earlier from the mam-
mals than the mouse-human line. "Not too
much earlier, though."

None of the rest of us know what a wallaby is. How many of them are there? Where do they
live? Are they a protected species?

Ewan waves the questions aside. "What we really need is more. Many more genomes," 

"How many?" Nick presses.

"Twelve genomes," he says. "Of eukaryotic organisms."

"Twelve? Why not thirteen?"

"Twelve," he says. Sagely. He has leaned back and has crossed his arms. You can tell he’s joking.
Sort of.
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What can mosquito and fly genomes
tell us about malaria?

Last October, a television crew arrived to talk with Director General  .  about
his work on malaria. As they were setting up to film, the reporter said he’d like some pic-

tures of mosquitoes – did EMBL have any? A member of Fotis’ research group escorted the vis-
itors down a crooked staircase and through a maze of doors. Inside the "mosquito feeding
room," the scientist reached up to remove one of dozens of plastic boxes from a shelf.The team
leaned in to peer at the hundreds of mosquitoes swarming around inside.

"I’d like to get a shot of them biting somebody’s hand," the cameraman said. There was a long
moment of silence. "All right," he said. "I’ll volunteer.”

All you have to do, the scientist told him, is stick your hand through this netting, into this hole;
that’s how we feed them. The camerman began to roll up his sleeve. Suddenly he thought to
ask, "They aren’t infected with anything, are they?"

There are no diseases at EMBL harmful to humans, carried by mosquitoes or anything else,
unless you count the flu that went around in the spring. But the question was pertinent; the
team was visiting the Lab to follow up on one of the major scientific stories of 2002. Fotis had
just come back from a press conference in London, where he and other researchers had
announced that the genome of Anopheles gambiae had been completely sequenced. This species
of mosquito has been largely responsible for infecting humans with malaria, one of history’s
worst diseases. At the same press conference, another group of researchers announced the com-
pletion of the genome of Plasmodium, the parasite directly responsible for it.

Malaria is an immense human and economic tragedy that has lagged far behind other diseases
in terms of public awareness – certainly in the Western world – as well as in the resources that

Fotis C. Kafatos and George Christophides
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have been dedicated to combating it. Many of these themes were discussed at length in a sci-
ence and society conference sponsored by EMBL and EMBO last fall.

Fotis witnessed malaria first-hand as a child inGreece, when he suffered from the disease.While
it has mostly retreated for the moment, malaria used to be a huge problem in Europe, particu-
larly in the South. With global warming, many scientists believe it may return.

So it’s no surprise that malaria is one of the themes that has preoccupied Fotis’ research for a
number of years, and in 1999 he found himself in a position to help take the battle to a high-
er level. With Frank Collins of the University of Notre Dame (U.S.) and Paul Brey of the
Pasteur Institute in Paris, he drew together the pieces of a major international consortium to
tackle the sequencing and analysis of the mosquito genome.

"Rob Holt and his team from Celera joined forces with Jean Weissenbach's team from
Genoscope and did the actual sequencing in an impressively short period of time," Fotis says.
"Another partner in the project has been the Institute ofMolecular Biology and Biotechnology
in Crete. Essential support came from the NIH (USA), and the French Ministry of Research.
Additional support came from the World Health Organization (WHO), the McArthur
Foundation, the European Commission, the Wellcome Trust, and of course the EMBL."

Funding had been secured by July 2001, and milestones came quickly after that. The DNA
sequence was completed in the following November; four months later there was a coherent
sequence map on the table, and by May 2002 the data were ready for in-depth analysis.

The mosquito genome comes two years after the completion of another insect sequence, that
of the fruitfly, Drosophila. Just as the mouse genome is a key to understanding our own, the
sequences of flies and mosquitoes can shed light on each other.  ’s team inHeidelberg
and the Ensembl project, collaborating with Fotis’ group, have played a key role in interpreting
the results.
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Inspecting instruments in the Genome Core Facility

The study revealed that Anopheles has over 14,000 genes - many of which were completely
new. Almost half of them have close relatives in Drosophila.

"The problem of comparing the genomes is not trivial because 250 million years of evolution
separate Drosophila and Anopheles," Peer says. "That’s about three times the difference between
humans and mice. Yet there’s a lot to be learned from comparing genes. And that’s especially
interesting because flies have been intensively studied for a century, giving us a huge amount of
information about the functions of specificmolecules in processes like development and immu-
nity."

He says that the number of genes is one of the big surprises from the analysis. It’s very close to
the number in the fly genome, although mosquitoes have more than double the amount of
DNA.

How far could the comparison be taken? Evgeny Zdobnov, Ivica Letunic and Christian von
Mering from Peer’s group teamed up with the Kafatos lab to try to find out. Their work has
produced some fascinating insights into evolution.

"People have thought that some types of species evolve faster than others," Peer says. "Now we
have hard numbers to actually measure this. The pufferfish ‚ whose genome was finished just
weeks before that of the mosquito‚ shared a common ancestor with humans about 450 million
years in the past. This is almost twice the time that separates mosquitoes and flies. Yet there are
more differences between the genomes of the insects. It suggests that insects evolve consider-
ably faster than vertebrates."

George Christophides and other members of Fotis’ group got help from Peer’s lab and numer-
ous other labs in Europe and the U.S. to focus more closely on genes that might be involved in
immunity. Again by comparison to the fly, they found 242 good candidates in the mosquito.
This is still a large number, but their identification already represents a huge leap forward for
molecular biologists working on malaria-related questions.

It also produced insights into evolution. Not all types of genes evolve at the same rate. The
study revealed that in insects, just as in mammals, immunity genes have changed faster than
other types.
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"We've studied eighteen 'families' of immunity genes in the mosquito and fly, and these fami-
lies have added on new members at a considerably faster rate than genes involved in other bio-
logical processes," George says. "As an organism evolves, it behaves differently‚ maybe it eats
different foods, or moves into new environments. This brings it into contact with new
pathogens. Insect immune systems can't 'learn' like ours do; flies and mosquitoes don't have
defenses based on antibodies, designed to remember diseases. So spinning off new genes is
probably a good way for the innate immune system of insects to cope with new challenges."

Historically, the major victories against malaria have come through both anti-malarial drugs
and the control of mosquitoes. Mosquitoes are likely to continue to be an important battle-
ground, Fotis says, because the malaria parasite is developing a widespread resistance to tradi-
tional drugs.

The parasite genome will undoubtedly help researchers find new weak points and may even
lead to a vaccine. Efforts to create one in the past have been thwarted by the fact that
Plasmodium changes significantly as it lives in our bodies. Just as the immune system learns to
recognize it, the parasite changes its coat, adopts a disguise. George and the rest of the team
hope to find some of those weak points by carefully studying the parasite’s life within Anopheles.

It’s a promising approach because so few types of mosquitoes can transmit malaria. There are
nearly 3,000 species of mosquitoes in the world.While many of them feed on infected animals,
only half a dozen members of the Anopheles genus pass the parasite to new hosts.

"Insects have an ancient but powerful immune system which usually completely eliminates
infectious organisms," says George. "Anopheles mount a defense against Plasmodium, too; it
just isn't effective enough. We think that the parasite is able to exploit some weakness that is
specific to this group of mosquitoes. The trick will be to find that weakness, then to use it
against the parasite."
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To do that, he is currently working with six other labs and the EMBL Genomics Core facility
to assemble a large-scale "mosquito chip": a collection of DNA probes mounted on glass slides.
This new technology is used to discover which genes are active under different conditions – for
example, to study the difference between healthy mosquitoes and those infected with the malar-
ia parasite.

Even before the genome was finished, the group was putting together a chip able to test large
numbers of genes. George Dimopoulos, a postdoc in the lab who has now become a group
leader at the Imperial College of Science, Technology andMedicine in London, led an effort to
assemble a chip containing several thousand DNA probes.

The goal was to compare how mosquito cells respond to various types of infections and dam-
age. "Some genes become active under nearly any kind of stress," George Christophides says.
"But we were able to identify others which are specifically switched on by infections, and some
that are really unique to malaria."

Fotis admits that years of research will still be needed to refine such results, explore their bio-
logical meaning, and transform them into practical measures that can be used against malaria.
In the meantime, studies of the parasite will be pursued in hopes of developing an effective vac-
cine or other types of therapies.

Mosquitoes bear other diseases as well, and all of this work will feed into our knowledge of the
intricate relationship between a disease-causing parasite, its vector, and its host. Having the
genomes of all three organisms represents a unique opportunity to understand the full cycle.
Humanity will have to be a little more patient in waiting for a fix-all for one of its oldest
scourges. But it may not have to wait too much longer.
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How do our bodies control
levels of iron?

It’s a good thing that the labs of   and   aren’t farther apart
and separated by a few more flights of stairs. Otherwise, Martina Muckenthaler might have

spent more time in transit during the last two years than at the bench. Martina is a Staff
Scientist inMatthias’ lab, and she has been tirelessly working to assemble a DNA chip with the
help of Wilhelm’s group. Nowadays if you want to find her, you may have to look in a third
place – the Genomics Core Facility, run by Vladimir Benes, up on the sixth floor.

It means more running up and down stairs, but all the exercise is paying off with some impor-
tant discoveries about how our bodies deal with iron. And now Martina and her colleagues have
followed those discoveries back to the roots of a common genetic disease called hemochromato-
sis that can be fatal if it goes unrecognized and untreated.

Like most nutrients, iron is a good thing – in the right doses.When the body has enough, our
cells stop absorbing it from food; if there is too little, they absorb more. Yet too much iron can
cause enormous problems, leading to changes that destroy cell membranes, proteins, andDNA.
So both an insufficiency and an overabundance of iron can be serious and even deadly.

While an adult may have about four grams of the element in his body, only about a milligram
enters and leaves every day. About three-quarters of the total is found in hemoglobin in red
blood cells, and it is heavily recycled. Sometimes that amount needs to be raised or lowered by
a tiny but critical amount, and the body has intricate regulatory mechanisms that draw more
iron when needed and turn it away when there is enough. Matthias’ group has been working
on understanding those mechanisms for many years, and a topic that he and Andreas Kulozik,
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from the Medical Faculty of Heidelberg University, are introducing into the formal collabora-
tion between our institutes called the Molecular Medicine Partnership Unit.

Supported by BelenMiñana and Jos de Graf in the Genomics Core Facility, Martina wanted to
get the big picture of how genes respond to iron – or the lack of it – and to use that as a win-
dow into hemochromatosis. Most events in cells depend on the tightly-coordinated activity of
many different molecules, and understanding that complexity requires a technology like DNA
chips. When they started three years ago, there weren’t high-quality chips with the necessary
human genes. Hence all the exercise on the stairs.

“We collected several hundred genes that we know are involved in iron metabolism or that
belong to a system linked to it, for example the way that cells respond to an overabundance or
lack of oxygen,” she says. “Studies of cell cultures have shown that these conditions have some
similar effects on genes. So we tried to cast the net wide enough to identify processes that might
be related.We wanted to know if the body uses just a few patterns to control its uptake of iron,
or if it relies on many different networks.”

The technology is still young, and it’s not easy to understand the results of experiments that
give readouts from hundreds of genes.Help came from Christian Schwager and other members
of Wilhelm’s team. Christian has created a tool called ChipSkipper that manages information
from chips and performs many of the steps of analysis.

The chips have now allowedMartina and her colleagues inMatthias’ group, collaborating with
the group of Nancy Andrews at the Harvard Medical School, to make an important discovery
about the processes that lead to hemochromatosis.

Sufferers of this disease have inherited a defective copy of a gene called Hfe from each parent.
The mutation originated several centuries ago in Celtic history, in a single person who passed
it down to his or her children. It has now spread throughout the Western world. About an
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eighth of the population in theWest carries the mutation in one copy of the HFE gene; one in
every 256 people have inherited two copies, and may well develop hemochromatosis.

The mutation leads the body to absorb too much iron from the diet. Over many years this
builds up, and by middle age, the overload may be very serious. Matthias and his group have
been trying to trace these effects back to their molecular causes. Until now, most researchers
have thought that the problem stems from a faulty signal in the intestine that there is too little
iron, leading intestinal cells to produce more transport proteins that draw iron inside.Working
together, the EMBL andHarvard teams have now rewritten this model.Their study shows that
the link between Hfe and iron is probably in the liver rather than the intestine.

The Harvard group was working on hemochromatosis in mice. They had developed strains of
mice without Hfe, or with the mutant version found in hemochromatosis. Both strains
absorbed too much iron and exhibited the symptoms of the disease. The new DNA chips
enabled the scientists to compare cells taken from these mice with those taken from their
healthy cousins. In the former model, mice with defective Hfe were expected to behave like
healthy mice with an iron deficiency – they ought to produce more iron-absorbing proteins in
the intestine. That wasn’t the case, so the researchers started to look farther afield for other
effects of mutant Hfe.They discovered something intriguing in the liver: amolecule called hep-
cidin wasn’t being activated properly.

In a healthy mouse, rising iron levels make the liver produce more hepcidin, which acts like a
hormone to reduce iron absorption by the intestine. This didn’t happen in mice with mutant
or missing Hfe – even when the researchers directly injected them with iron. This was proof
that Hfe is necessary to make a connection between iron and hepcidin, and that shakes up the
old model.

This connection is made even stronger by a paper from the team of Sophie Vaulont at the
Cochin Institute in Paris, published back-to-back with the new EMBL-Harvard study. Again,
a dangerous symptom of hemochromatosis is that organs such as the liver become overloaded
with iron; this happens in mice lacking the Hfe gene. But when the Paris researchers artificial-
ly expressed hepcidin in those mice, their liver stopped accumulating iron. Thus the focus
should change from the intestine to the liver – where the lack of Hfe seems to be doing the
most damage.

Work from Matthias
Hentze’s group suggests a
new mechanism for the

development of
hemochromatosis.

Properly-functioning HFE
activates hepcidin in the
liver, which locks down a
protein called Cybrd1.
This molecule helps

prepare iron atoms for
transport into cells. If
HFE doesn’t function
properly, Cybrd1 will
prepare too much iron.
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How can hepcidin expression by the liver change iron absorption among intestinal cells? A lot
of questions remain, but data from the DNA chips suggest one possibility: without hepcidin,
the body can’t seem to put the brakes on an important intestinal molecule called Cybrd1.

Normally iron atoms carry three positive charges; in that form they can’t be brought into cells.
Cybrd1’s job is to reduce the number of charges to two, making iron transportable. When it
isn’t active, very little can be absorbed. If it were active all the time, a lot more of the body’s iron
would be absorbable.Hepcidin’s normal function might be to lock down Cybrd1, thereby shut-
ting down the supply of available iron. So activating hepcidin – which can’t happen with the
mutant form of Hfe – is essential to stopping the flow of iron into the body.

This spells an important shift in hemochromatosis research: scientists will now turn their atten-
tion to the liver, in hopes of working out the details of the circuit that connects iron, Hfe and
hepcidin. It also hints strongly at a link between the body’s uptake of iron and the immune sys-
tem, where hepcidin also has a role to play.
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As powerful as DNA chip technology is, it won’t tell you everything. Chips detect the presence
of RNA molecules, but they can’t directly say whether an RNA is being used to make proteins.
That’s important, because preventing RNAs from being translated into proteins is a key step in
how the cell senses levels of iron. So postdoc Thomas Preiss and PhD student Julie Baron,
members of Matthias’ lab, thought of a clever way to use chips to study protein levels as well.

Translating an RNA into proteins requires attaching it to large molecules called ribosomes,
which makes it much heavier. It is fairly easy to separate molecules by weight, which means that
the scientists could divide RNAs into those that were being translated and those that weren’t,
and compare samples from different iron-related conditions with chips. The results closely
matched what has been found in other studies conducted by Matthias’ group, meaning that the
method gives a reliable measurement of how productive specific RNAs are.

What’s next? It’s good to have a few hundred genes on a high-quality chip, Martina says, but
this is still a very small fraction of the entire genome. A chip like the one Wilhelm’s group has
developed (page 15) – will permit the group to expand the study to many more genes. “The
experience we’ve gathered is making it possible to assemble the larger chips at the necessary
quality,” Martina says. “Still, smaller tools like the IronChip will continue to be very important.
They are cheaper to produce and will be useful in targeted studies and in diagnostics.”

Recently another member of Matthias’ group has taken over the stair-running tradition: Bruno
Galy, who shuttles back and forth between the lab and the animal house. Working single-hand-
edly, day and night, Matthias says, Bruno created strains of mice in which scientists can switch
off two genes critical to the way cells respond to iron. In this case the proteins are IRP1 and
IRP2 – old friends, Matthias calls them; his group has spent several years studying how they
help cells respond to changes in levels of iron.

“Now we want to know what IRP1 and IRP2 do in the whole body,” Matthias says. “Bruno’s
mice will help us explore the role of a key iron regulatory system in diseases ranging from ane-
mias to neurodegenerative diseases such as Parkinson’s disease.”

Cindy Roy, Nancy Andrews, Angel Custodio and Lynne Montross, 
of the Harvard Medical School and the Howard Hughes Medical Institute (Boston) 
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How do gene expression patterns
change during the lifecyle of a
complex organism?

One of EMBL’s newest group leaders,  , has been using DNA chips to look
at very broad questions about the development of the fly as well as more specific questions

about how tissues develop. According to the Ensembl database, the Drosophila genome con-
tains about 13,600 genes. Eileen brings along experience she gained at her last post, working
on a large-scale project with scientists from the Howard Hughes Medical Institute at Stanford
University, Yale, University of Oregon and several other institutes to collect nearly a third of
these on a chip.

"We’ve known for many years that cells in flies and other complex organisms don’t use all their
genes all the time. Researchers have estimated that between five and six thousand genes are gen-
erally active at a given time, and that this set changes as the fly develops," Eileen says. "Now
that we have the entire genome, it’s possible to use technologies like DNA chips to investigate
these changes in depth."

The past twenty years have seen a huge expansion of our understanding of how specific genes
guide the development of an embryo from a single cell to a highly-organized body plan.
Patterns involving many genes also control important developmental phases. But insights into
these more global processes have remained glimpses, awaiting advances in technology likeDNA
chips.

The recent project tracked the behavior of over 4000 genes for 40 days – a span of time stretch-
ing from the fertilization of the egg to "old age" for the fly. The study produced an incredible
amount of information about specific gene activity and broader patterns.

Eileen Furlong
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Eileen and her colleagues began by breaking the 40-day period into 66 smaller windows of
time. Changes happen so rapidly at the beginning of embryonic development that they looked
at overlapping one-hour time frames; later, the windows were longer.

"We discovered some very interesting trends," Eileen says. "Most of the genes – nearly ninety
per cent – underwent significant changes in their expression levels throughout some stage of the
lifecycle. And about ninety per cent of that set became activated at some point during the first
twenty hours of development. This suggests considerable gene reusage throughout the rest of
the lifecycle."

The researchers then wanted to know if these "developmentally sensitive" genes peaked only
once, never to be used again, or if they went through several phases of activity.They found that
36% of the genes were activated once; over 40% had two peaks, and the rest became activated
several times.

Genes don’t switch on independently – which makes sense, because the proteins they encode
don’t behave independently in the cell, either. What was particularly interesting was the fact
that there seemed to be two quite different "tides" of gene expression that closely follow the
four stages of fly development: embryo, larvae, pupa, and adult.

One major set of genes peaks during embryo development and then recedes to the background
during the larval stage. Virtually the same set steps in again at the pupa stage, when the larvae
is being transformed into a fly, then fades again. A parallel phenomenon is seen in the oppos-
ing stages: the genes which are active during larval life are very similar to the set that are active
in adulthood.

"This is fascinating because it means that phases of development which look very different in
terms of the fly body have deep underlying molecular commonalities," Eileen says.

Another interesting finding concerned maternal genes. These influence the development of egg
cells, which undergo significant changes as they reside in the mother fly’s body, waiting to be
fertilized. Until that time, they are known as oocytes and they have a half-set of genes (the other
half will be contributed by sperm from the father).Most of the key changes in the eggs are con-
trolled by molecules produced by the mother.

An amazing number of the genes in the study – about a third of them – followed activation
patterns that are typical of maternal genes. "Twenty-seven of these seem to be strictly maternal

Dramatic changes happen very rapidly in the first hours of life of a fruitfly embryo.
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genes," Eileen says. "They are in the egg because they’ve been put there by the mother, and the
fly never uses them again until it’s an adult with eggs of its own. The truly wonderful discovery
is that we only previously knew of five such genes. This is just one of the examples of the treas-
ure trove of experiments that this type of  study suggests."

Several groups at EMBL are well set-up to tackle such experiments; there is a long tradition of
studying maternal genes inDrosophila. ChristianeNüsslein-Volhard came to the Lab to do such
a project over twenty years ago; by the time she left, she’d published the paper with Eric
Wieschaus that would revolutionize developmental biology and garner them a Nobel Prize.

The time frame in which a gene becomes active often reveals something about its role in cellu-
lar processes or the development of the fly. By comparing the activity profiles of completely new
genes with others that have been well-studied, the paper has generated many more hypotheses
about molecules that might be involved in forming the fly body plan, or performing other key
functions.

"There were other surprises as well," Eileen says. "Genes that you might expect to be active all
the time aren’t. Sometimes molecules that play a role in basic biochemical processes follow
wave-like patterns as well. So now there’s reason to think that they are somehow controlled by
developmental phases and processes."

The list goes on and on. There are dozens of intriguing new genes that are produced in the
reproductive cells of both males and females. 22 genes only seem to be switched on in eyes, and
some of those only in adult eyes.

Researchers have been awaiting such findings ever since the idea of theDNA chip was espoused
a few years ago. So when Eileen moved into her clean new lab at EMBL, she was bearing a bag
full of experimental ideas.

The bag appears to be almost bottomless. It contains enough ideas to stimulate years and years
of research. And other groups are creating their own chips, their own bottomless bags. EMBL
is going to have to add on a whole storage room to hold them all. But if the lab doesn’t want
one, it can always use the virtual warehouse that   and his team at the EBI have
just opened: ArrayExpress, whose purpose is to serve people just like Eileen.
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What can chips say about the export
of molecules from the nucleus?

E ’s group has just used DNA chips in a study of one of the most basic
processes in cells. Newly-copied RNA molecules have to be transported out of the nucleus

and into the cytoplasm to be translated into proteins. In a normal, growing cell, millions of
molecules are shuttled back and forth between these cellular compartments every minute.

To pass through the pores that perforate the membrane around the nucleus, most molecules
have to be packed into complexes. Elisa and many other scientists have been trying to describe
the molecules that participate in the process of export, but they suspect that their list is still
woefully incomplete, especially in complex organisms like ourselves.

Elisa and other researchers had already identified several molecules which make RNA export
possible: the proteins NFX1, p15, and UAP56 are all needed. "But we haven’t known whether
these proteins work together to get a subset of molecules out of the nucleus, or whether they
belong to different pathways," she says. "It was not known how many export paths there are,
or which are the most important ones."

Andrea Herold, a PhD student in her group, decided to block the activity of these proteins and
see if RNA molecules could still make their way out. She used a method called RNAi to shut
down the production of NFX1, p15, or UAP56. Then she monitored the results with DNA
chips –which RNAs would arrive to the cytoplasm, and which would be blocked within the
nucleus?

The researchers used chips containing probes for 6000 genes, probably about half the fly
genome.They discovered that disrupting any of the three proteins had a huge effect; only about
a quarter of RNAs normally found in the cytoplasm were able to get there. The same set was
blocked in all three cases, which is good evidence that these proteins are part of the same export

Andrea Herold and Elisa Izaurralde
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route. The other RNAs which made it through seem to be relying on a different export path.
But the fact that so many RNAs were blocked reveals that the pathway is absolutely necessary
for export of most mRNAs in higher organisms.

The study yielded a very interesting surprise: the cell realizes that something is wrong and tries
to fix the problem. If mRNAs aren’t getting to the cytoplasm, export-related genes switch into
overdrive, producing higher numbers of molecules. Shutting off p15 causes the cell to try to
make a lot more NFX1. The effort is futile, because NFX1 mRNA itself can’t leave the nucle-
us and create protein.

Blocking the production of NFX1 with the RNAi method had a similar effect. "The cell seems
to be responding by trying to make more export molecules,"Andrea says. "So then we decided
to take a look at other molecules it was making more of.Would these, too, be part of the export
machinery?"

The group has now started wading through the data and setting up further experiments. One
very intriguing molecule they are looking at is called Ssrp.

Taking Ssrp out of cells has a strange effect, Andrea says. It leads to the accumulation of
mRNAs in clusters within the nucleus. Andrea and Elisa don’t know why the molecules cluster,
but this does indicate that Ssrp probably helps in their export from the nucleus. It’s another
example of how a careful study of chip results can raise entirely new scientific questions.

Chip data suggested that a molecule called Ssrp
might be involved in exporting molecules from the
nucleus. Interfering with its activity left many
RNAs (bright red) stranded in the nucleus.
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Can our genome fit on a chip?

Assembling a DNA chip containing every one of our genes has only been conceivable since
the completion of the human genome; its value would be tremendous. Studies like Eileen

Furlong’s could then be done with human cells – surely yielding hints about the functions of
thousands of newly-discovered genes. The work that Fotis Kafatos’ lab has done with mosqui-
toes could be replicated in human cells, watching their response to infections and disease. And
there are countless other potential applications.

 ’s group has now put together such a chip with the Deutsches
Ressourcenzentrum für Genomforschung (RZPD, Heidelberg/Berlin). The new chip contains
over 51,000 different cDNAs, molecular probes representing every known human gene.

Assembling this tool required a "reference library" – the human genome – and a lot of addi-
tional work. Bernhard Korn's group (RZPD) put together a collection of 51,145 cDNAs – par-
tial DNA molecules that act as probes. Wilhelm’s group carefully checked and purified all the
samples. Producing the complete chip required techniques and protocols developed within the
group, particularly because of the enormous number of samples that had to be 'spotted' onto
the chips. "This required developing techniques to ensure that the robots didn't miss spots,"
Ansorge says.

The result is a tool that can be used to compare gene activity in different types of cells, with an
enormous experimental potential for biologists and clinicians. What's the difference between
healthy tissue and cells that have developed cancer? Which genes help viruses gain entry into
cells? Which determine whether a person suffers side effects from a particular medication?
These are some of the questions that the new chips are poised to answer. They are currently
being used in several academic collaborations in biological and medical projects.

"Studies using whole-genome chips should reveal a critical subset of genes that are relevant in
any particular situation, such as a disease," Ansorge says. "Then smaller, dedicated chips can be
produced for use in fast and less expensive diagnostic analyses."

Bernhard Korn, UteWirkner, andWilhelm Ansorge
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One of the many computer farms at theWellcome Trust Human Genome Campus, host of the EBI.

74

     

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 30



75

Where do chip results go?

Achip experiment doesn’t really produce an infinite set of new scientific questions; it just
seems that way sometimes. The up-and-coming generation of biologists will have plenty to

do. Maybe they won’t really have to perform every experiment suggested by the data. If they’re
as clever as the last generation has been, they’ll undoubtedly find shortcuts.

DNA chips and other whole-genome technologies are being used all over the world now. It
could well be that in Greece, or Norway, or Japan, another researcher is doing experiments
much like those going on in the labs ofMatthias Hentze and Fotis Kafatos, Elisa Izaurralde and
Eileen Furlong. Maybe someone has been studying which mosquito genes get switched on in
an odd fungal infection, and this is the missing puzzle piece in one of Fotis’ studies of malaria.
Or a researcher might have just discovered that a molecule involved in iron metabolism has a
second important function. This information needs to be shared, but it may be hidden away in
mountains and mountains of data, never to see the light of day.   and a growing
team at the EBI are on a quest to solve this problem.

One shortcut, for example, would be to find a way to compare experiments being done in large
genomes – like our own – to work that’s going on in more experimentally tractable organisms
like mouse, or even yeast. For instance, if you find that a certain gene is switched on in cancer,
you may wish to find out what its cousins are doing in mouse and yeast.

Alvis has a vision of a vast warehouse of information on genes where everything is interlinked.
Maybe you should get an e-mail every time somebody publishes data on your favourite gene,
he jokes. And if you wander by the warehouse, you ought to get the chance to pose a Really Big
Question. There should be a wizard on duty who knows the answer.
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"Until now, the reality has been much different," Alvis says. "Data has been stored in many dif-
ferent places and different ways – as if the information speaks different languages." Instead of
a master wizard, there have been a number of fiefdoms, ruled by sub-wizards with only a small
slice of the picture. Even if you have chance of finding your favorite gene mentioned some-
where, you may run into problems in understanding its meaning, since you do not know which
of the many languages has been used.

The EBI worked with scientists all over the world to establish a uniform language – agreeing
on common ways to describe the experiments and present their data – and to create the stan-
dard called MIAME, which stands for the Minimal Information About a Microarray Experiment
that has to be provided so that researchers can correctly interpret results. This information will
be described using the Microarray Gene Expression Markup Langauge (MAGE-ML), which can
meticulously present hundreds of different parameters for experiments. It has to be done: liv-
ing organisms are so sensitive that exactly the same experiment, performed at a slightly higher
temperature, could produce very different results. "Unless you know a wide variety of factors,
you can’t put results into perspective with other work," Alvis says.

"ArrayExpress has three goals. First, we want to present information about known gene expres-
sion patterns to the world in a standard language. Secondly, it serves as an archive where
microarray data from all published experiments can be stored. (There is too much of it to be
printed.) And finally, by providing access to microarray designs and standard protocols, it will
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promote a wider use of microarrays and encourage researchers to exchange chip designs and
experimental methods."

Within the last year the EBI has taken some big steps towards making Alvis’ warehouse a real-
ity, with the public launch of the ArrayExpress database. You can find Andrea Herold’s and
Martina Muckenthaler’s data, or data from collaborators in Frank Holstege’s group at the
University Medical Center Utrecht, among many other datasets, which are rapidly growing in
number.

"The ArrayExpress interface (www.ebi.ac.uk/arrayexpress) allows researchers all over the world
to search the database, using parameters such as organism, chip design, or the lab that provid-
ed the data", says Ugis Sarkans, the ArrayExpress software development coordinator. Realizing
the need for a database that could manage the information, several scientific journals have now
started to require authors of papers to submit their data to the resource.

What will a researcher get out of submitting data to ArrayExpress?The whole is far greater than
the sum of the parts, says Helen Parkinson, ArrayExpress’ curation coordinator. "High-
throughput microarray experiments produce datasets that no single biologist can analyze.These
data have the potential to answer questions about biology beyond the scope of the original
experiment, if they are made publicly available, and others have the opportunity to mine them."

The team is making it as easy as possible for researchers to submit their data. A submission and
annotation tool called MIAMExpress is available on the web at the address
www.ebi.ac.uk/miamexpress. "Putting one’s data into the standard MAGE-ML format may be
a daunting task at first for a small laboratory without good bioinformatics support," says
Mohammadreza Shojatalab, the main developer of the tool. "MIAMExpress will do it for you."

The ArrayExpress group at the EBI
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How does the skin balance immunity?

When we touch each other, if you take a decidedly unromantic view of things, we’re touch-
ing a layer of cells called keratinocytes that our bodies are in the process of shedding. This

outermost part of our skin is already dead; cells are hanging on only because they have tough
connections to each other. Soon they’ll flake away to be replenished by new cells that have
formed below and are pushing upwards. So the surface of our body is a zone of constant growth
and renewal; it is also a first line of defense against wounds and infections. Without this pro-
tective layer, we would quickly die.

A scratch, a burn, or other damage to the skin calls up a cavalry of cells and molecules that try
to make repairs. Most of these are present all the time in small quantities, like a scaled-down
security service keeping an eye on things, ready to call up reinforcements. Their numbers and
activity must be tightly controlled; when healing has taken place, they should return quietly to
the background. An overactive immune response can be just as dangerous as one which doesn’t
respond at all.

Immune cells and proteins only arrive on the scene after a complex series of events. 
 and his colleagues at the Monterotondo Outstation are mapping the molecular cir-
cuit diagrams of this system. In the quiet of his office, early on a February morning, he talks
about his attempts to understand a key part of the system.

A crucial part of any defense, he says, is the alarm system which activates it in the first place.
He points out the red switch for a fire alarm in the hallway. If that doesn’t work, it may not
matter whether everyone knows how to behave during a fire. So it periodically gets checked,
and sometimes there are drills.

For several years Manolis has been focusing on a protein called NFkB. He says it is activated in
response to injury, infection, inflammation and other stressful situations. "It’s switched on
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when something happens that requires a
rapid reprogramming of many genes," he
says. "NFkB is a master switch, able to acti-
vate a wide variety of genes and shut others
down." As a result the cell produces new types
of molecules to fight invaders, repair injuries,
or send alarm signals to other cells.

NFkB is always in circulation in the cell,
ready to be called up. It’s so powerful that it
has to be kept inactive until an emergency. A
molecule called IKB clamps onto it, locking it
down.When cells want to useNFkB, the lock
has to be removed, and Manolis and his team
are studying a molecular machine that does
this.

"NFkB is unleashed by a complex of three
molecules called IKK," Manolis says. "They
attach a chemical tag to IKB that make cells
take it apart.Without the lock, NFkB is acti-
vated; it clusters in the nucleus and starts to
change patterns of genes."

The IKK complex is so essential to this
process that without it – or key pieces of it –
the cell loses at least one way to activate
NFkB and the result is always fatal.

Why this happens isn’t easy to answer. Until
very recently, researchers thought that NFkB
was mainly involved in controlling cell divi-
sion. Without it, cells might not be able to
put the brakes on key events that tell cells to
divide. Obviously this might lead to cancer,
and this happens under certain conditions in
the test tube. But by systematically studying
the components of IKK in mice, Manolis and
colleagues from his former institute, the
University of Köln, have come up with a dif-
ferent explanation for NFkB’s role in cells and
what happens when it doesn’t function prop-
erly.

The IKK complex consists of three proteins
called NEMO, IKK1, and IKK2. NEMO’s
chief role seems to be to hold the IKK togeth-
er; it may also play a part in receiving mes-
sages from the cell surface, spreading alerts
about wounds and other threats. "Mutations
have been found in this molecule in humans,
and they have been tied to certain types of
skin diseases," Manolis says.

He teamed up with Ingo Haase, a
dermatologist at the University of Köln, to
work on IKK2. The researchers investigated a
strain of mouse that lacks IKK2 only in the
keratinocyte cells that make up the outer
skin. Because the molecule is lacking, NFkB
doesn’t function in those cells. The mice

The skin has several layers, each
containing its own mixture of cells
and immune factors. The body has
to be prepared to mount a quick
reaction in the case of infections
and injuries, and NFkB plays a
critical role in this system.
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suffer severe, fatal skin defects shortly after birth. When the researchers closely inspected what
was happening to skin cells, they found a number of surprises.

"In the first place, the keratinocytes don’t divide at a higher-than-normal rate,meaning that the
underlying problem isn’t cancer, and you don’t see abnormal development of the cells,"Manolis
says. "Very often problems which disturb cell division also interfere with differentiation – the
process by which they acquire special characteristics and become specific cell types. If NFkB
were regulating cell division, you would expect to see both effects."

Instead, everything goes well for the mice until a few days after birth. Then their skin develops
lesions; it grows hard and scaly, developing what looks like a full-blown inflammatory skin dis-
ease. The outer layers are full of cells and molecules normally only found in infections.

"The skin is behaving as if there is an infection, whereas there is none,"Manolis says. "All that’s
really happening is that one gene in one type of cell is missing.This strongly suggests that what
we’re seeing in the skin is an inappropriate immune response. Cells are trying to fight a disease
that isn’t there."

During times of health, he points out, skin and other tissues achieve a balance. Immune cells
and molecules are always around, but they’re kept tightly in check. The real function of NFkB
and its activators – at least in keratinocytes – might be to maintain that balance. And there’s
good evidence for this: researchers have known for a long time that NFkB gets activated in
infections and times of stress.
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A last experiment provides even firmer support for the hypothesis. IKK2 and NFkB aren’t at
the front line; they don’t actually sound emergency alarms; they are lower down in the circuit-
ry. Bells and whistles higher up are needed to shake them into activity. For example, a protein
called TNF, a well-known alarm signal, activates the IKK complex.

What would happen, Manolis and his colleagues wondered, if you took out the link between
TNF and IKK2? "We did this experiment thinking that these animals were dying because
NFkB wasn’t responding properly to a signal. Theoretically, if you removed that signal, it
wouldn’t need to respond, and it wouldn’t behave improperly." And this is precisely what hap-
pens. Without a TNF alarm, the mouse skin develops properly.

Does the system work the same way in humans? "The fact that mutations in some of these
molecules have been linked to human disease is very interesting," he says. "The inflammation
that accompanies this disease might reflect a local imbalance in the behavior of the immune
system. This could suggest some extremely practical methods of developing treatments."

NFkB is a powerful molecule
capable of activating many
genes. It is tightly controlled
by a protein called IKB.When
NFkB needs to be active, it is
released by a complex of mole-
cules called the IKK complex;
these molecules break down
IKB. Manolis Pasparakis and
his colleagues have been
manipulating components of
the IKK in mice to try to
understand NFkB’s role in the
immune system.
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Nadia Rosenthal and Luis Vacs. EMBL doesn’t have the soccorso autostradale, but it does have Luis.
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How can you mend a broken heart?

Recently  , head of theMonterotondoOutstation, packed up her notebook
computer, jumped into a small sports car, and headed off for Heidelberg on a trip which –

she claims – can be done in ten hours. Unless you develop car problems, and then you might
find yourself stuck on the steaming asphalt in the hot Mediterranean sun. If the breakdown
happens on the Grande Raccordo Anulare – the ring road which surrounds the city of Rome –
you probably won’t be stuck too long .Within a few minutes, an orange flatbed truck from the
soccorso autostradale will drive up, and a helpful mechanic will climb out and fix whatever the
problem seems to be. A fleet of these trucks drive around the Raccordo all day long, just wait-
ing for breakdowns to happen.

This is a good metaphor, Nadia says, for a scientific problem that her group has tackled. Like
Manolis Pasparakis’ work with NFkB, it involves a connection between injuries and damage to
tissues and the systems that repair them in mice and other organisms.

While Manolis has been working on the skin, Nadia’s group is concerned with muscles and
heart. "When tissue is damaged in fish and many species of newts, it can be repaired without
scarring," she says. "They can even regenerate damaged organs – grow new ones. That’s also
true to an extent in the embryos of humans and other mammals. But soon after birth, any seri-
ous injury that a mammal suffers typically leads to permanent scarring and damage to tissues.
Regenerative ability is diminished. Scars that occur in heart disease, for example, make the
organ less efficient and eventually it stops working. Heart tissue responds to injury with an
immediate solution that repairs lesions quickly and not very prettily – but has lost the long-
term solution that involves growth and repatterning."

Has evolution robbed mammals of the ability to regenerate organs shortly after birth? Nadia
doesn’t think so. When tissues suffer severe damage, generic stem cells can be turned into spe-
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When muscle tissue has been wounded (the area in
the top picture), there needs to be a process of
healing. New tissue can be produced by
transforming stem cells into muscle, but where do
these cells come from? Are they shipped in from the
bone marrow, or do they develop from a local
population of stem cells? Nadia Rosenthal’s work
shows that the number of these cells in the wound
area jumps dramatically, suggesting that they
arrive through the blood and are transformed on-
site into new muscle. (Green marks stem cells; red
shows cells in the process of becoming muscle.)
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cific types that regenerate new tissue. Does
this also happen in cases where the damage is
less extreme? Scientists have noted that the
MRL mouse, a special laboratory strain, can
heal tissue – even parts of the heart – without
scarring. What’s so special about this type of
mouse? And could the same function be
restored in humans? A molecule called Igf-1 –
a protein that promotes cell growth – may
hold some of the answers.

The body mounts both short-term and long-
term responses to emergencies. An injury
requires immediate action, like blood clotting
(to limit the damage) and inflammation (to
deal with possible infection). Some emer-
gency measures have to be kept on hand,
locally.Others can be summoned from farther
away, like the orange trucks. Recent experi-
ments by Nadia’s group, collaborating with
Antonio Musaro and his colleagues at the
University of Rome, suggest that Igf-1 acts to
activate distress markers that draw cells to an
accident site. It may also help launch a process
that could regenerate tissue.

Regenerating tissue would mean growing new
cells to replace those that had been damaged.
The body replenishes some types of cells –
like skin and blood – on a regular basis. New
blood cells are created from a stock of gener-
ic, undifferentiated "stem cells" in the blood
marrow. Recent experiments have shown that
they can help form new muscle tissue as well.

But researchers also believe that tissues such as
muscle have their own stocks of stem cells. It’s
difficult to find them, because their character-
istics change very rapidly, and because we still
know so little about them that we don’t have
the right markers to identify them.

Normally, the local form of Igf-1 is activated
after birth only in response to injuries. Three
years ago Nadia and Antonio created a strain
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of mouse in which Igf-1 was permanently activated in adult muscle. "We discovered that this
increases the mass and strength of muscle, and increases its regeneration even at advanced ages
in the mouse," she says. "In collaboration with our colleagues in Lee Sweeney’s lab at University
of Pennsylvania, we also developed an Igf-1 delivery system using a harmless virus that main-
tained and regenerated aging muscle, and the study showed that Igf-1 countered muscle decline
in the mouse model of muscular dystrophy. Now we want to know the means by which Igf-1
has these dramatic effects."

"When we followed the response to local damage to the muscles of these mice, we saw a major
jump in the number of proliferating bone marrow cells at the site of injury, as well as elevated
stem cell production in the bone marrow itself," Nadia explains. "Their muscles contained
more stem cells, recovered faster, and when we cultured the muscles as single cells along with
bone marrow cells, they readily converted the bone marrow to muscle. So it looks like Igf-1 not
only increases the number of orange trucks on the Regeneration Raccordo, it might even make
them more effective."

A local injury to skeletal muscle dramatically improves the efficiency by which bone marrow
cells are drafted to become muscle - and without it, local regeneration won’t take place in the
Igf-1 mice.This means that any of the mechanisms involved in the injury response may also be
crucial for calling in the orange trucks. In fact, it’s probably no coincidence that the fast-healing
MRL mouse has an autoimmune defect, Nadia points out; this may be directly related to its
superior regenerative qualities. So exploring the involvement of the immune system may also
yield important clues to the differences in regenerative capacities between species.

She has recently teamed up with Manolis to see whether Igf-1 modulates the inflammation
associated with injury, perhaps even throughNFkB signalling. "We can ask complicated genet-
ic questions very rapidly together, since all our mice are in one place and strains can be easily
crossed. It’s one of the wonderful things about the Mouse Biology Programme. And if we don’t
get answers that way – of course the orange trucks are just down the road."
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What makes blood turn bad?

Scientists have discovered over 300 different kinds of cells in our bodies, a number that is sure
to grow, because new molecular methods are revealing subtle differences between cells that

used to be regarded as identical.

Whatever the ultimate count turns out to be, all of these types develop out of a smaller, more
generic group of stem cells. The keratinocytes in the outer skin, which   is
studying, are continually replenished from a layer of more basic cells lower in the dermis.
Muscle comes from another type. Haemopoetic stem cells (HSCs) give rise to many of the cells
that circulate in our blood. And if you go back far enough, you can track all of these kinds back
to the even more fundamental stem cells that compose the very early embryo.

Most stem cells are genetically programmed for the kind of fast-paced reproduction needed to
build an enormous organism in just a few months.This rapid division is usually the flip-side of
differentiation, the process that give blood and muscle, skin and nerves different features and
different roles to play in the body. A cell should either divide or specialize.Thus researchers who
get a handle on one process often end up making key discoveries about the other. That’s what’s
happening in the lab of  , at the Monterotondo Outstation.

Claus draws a complicated, branching chart that tracks blood cells from early-stageHSCs down
to final specialized types, like macrophage immune cells or red blood cells. Once they have
reached the end of the line, the cells are usually short-lived. Granulocytes, for example – key in
the immune system because of their role in fighting bacteria – have such a short lifespan that
about half of the activity in bone marrow is devoted to churning them out. "I read that the body
produces something like one hundred grams of granulocytes a day," Claus says.

The genetic programs that transform HSCs into other types have many layers of instructions.
Blood cells sometimes get derailed along the way. It’s conceivable that they might become par-
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tially differentiated, yet still able to reproduce at a fast rate. Normally this shouldn’t cause prob-
lems, Claus says, because even if the cells accumulate in high numbers, they have short lifes-
pans.

How, then, do you explain leukemia, where massive quantities of differentiated and disturbed
blood cells are produced, invading all sorts tissues and often leading to death?

He points back to the top of the chart. HSCs have the long lifespan; some of them may sur-
vive your whole life. Yet it’s a variety of cells far down the line – granulocytes or other types –
that accumulate in such high numbers and lead to fatal leukemia.

There’s something of a contradiction here, and it has stymied leukemia research for many years.
Because late-stage cells clog up the system, most researchers have sought causes in the events
that happen in the penultimate stages of differentiation.

"If you take that line of thinking, there’s a problem," Claus says. "A single mutation at this
point in development wouldn’t suffice to produce so many cells. They would have to develop
long life-spans and a high rate of reproduction, which would certainly involve a number of
mutations. But these types of cells don’t live long enough to accumulate that many mutations.
It’s more like something that would happen to long-living cells."

Blood and muscle start as haemopoetic stem cells
(HSCs) which go through a number of develop-
mental stages before attaining their final differ-
entiated forms. Claus Nerlov and his colleagues
want to know at what stage the mutations occur
which lead to cancer.
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Claus and his colleagues gathered evidence showing that a protein called C/EBPa, which
activates genes during the development of granulocytes and other myeloid blood cells, might be
a trigger in cancer. Lots of mutations in this gene are found in cancer patients – about ten per
cent of leukemia patients have them. But the only way to prove a connection between a
particular protein and a tumor is in animals. And now Claus has the mouse to back up his
hypothesis. 

"Specific changes in C/EBPa cause leukemia in mice," he says. "About twenty per cent of mice
with the defect clearly have the disease at twelve-to-thirty-six weeks of age. Many more (60%)
have greatly-increased levels of cells called granulocytes that hyperproliferate."

Not only has he pinned down acute myeloid leukemia to C/EBPa, but he knows where in the
molecule a mutation has to happen. The C/EBPa gene is used to produce two different pro-
teins: a short form and a long form. Both can bind to DNA, but only the long form succeeds
in blocking another molecule, called E2F. And E2F is a switch that helps myeloid cells decide
whether to reproduce or differentiate. 

"Certain regions of the gene have to be intact for the long form of the protein to be produced,"
Claus says. "Mutations in that module prevent it from happening, and cells can’t control E2F.
This is a critical event in the fate of HSC cells. As far as we know, it’s the first experimental evi-
dence that removing a protein function through a mutation causes a leukemia-type condition."

Another curious thing, he points out, is that if you transplant late-stage, quickly-reproducing
cells from mice with leukemia into other animals, the cells die off and the animals survive.
Whereas in a recent study, John Dick from the University of Toronto has shown that trans-
plantations of HSCs from sick animals give the recipient mice leukemia.

This has led Claus and his collaborators from the Copenhagen University Hospital back up the
tree to the HSCs, looking for a mechanism that might be responsible. Work in the test tube
had suggested that defects in specific genes might cause cells to reproduce at high levels. The
researchers have been honing in on molecules known to prompt cells through the stages of
development, because mutations in these genes have been found in patients with cancer.
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How do transcription factors 
bind to DNA?

Our DNA is a vast archive of recipes for producing tens of thousands of protein molecules.
The cell uses some of these proteins all the time, and others have to be called up at an

instant, in emergencies, so it keeps their recipes close at hand. Still others are kept securely
locked away, for very good reasons. Many proteins are needed very rarely, but when produced,
they have dramatic and irreversible effects on the cell. If they appear in the wrong place at the
wrong time, they can be fatal to a cell and even a whole organism.

One powerful set of genetic instructions, for example, might tell a cell to develop into a neu-
ron. That's fine if the cell is located in the brain of a growing embryo – not so good if it's cir-
culating in the bloodstream. Other proteins tell the cell to divide. If they appear at the wrong
time, they can potentially lead to cancer.

Each human cell contains a copy of the complete archive: at least 30,000 such recipes – the
genes. In any particular cell, at a given time, most of them are switched off. Cells have several
types of mechanisms to switch genes on when necessary and keep them turned off the rest of
the time.The simplest type of switch consists of a protein that docks onto the DNA near a spe-
cific gene and activates it. Such a protein is called a transcription factor.

For two spaceships to link up, they have to have docking mechanisms that are built to fit each
other, and the same is true of a protein and its target gene. Physically and chemically, parts of
their surfaces have to have closely-matching configurations, like putting your foot back into a
footprint you have just made in the sand. To really understand how a transcription factor
recognizes its DNA binding site , in the view of molecular biology, you need to be able to scan
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the two surfaces atom-by-atom, creating a detailed map. This shape and chemistry determine
where a transcription factor binds and which particular gene is ultimately activated – and why
it doesn’t switch on others.

  and his colleagues at the Grenoble Outstation have been studying tran-
scription factors called GCM (glia cell missing) proteins. In the fruitfly, these molecules have a
powerful effect. They switch on genes that tell neural precursor cells in the fly embryo to
become glial cells, which nourish neurons – the information-transmitting cells – and act as a
sort of scaffold to hold them in place. In the absence of GCM, neural precursor cells simply
develop into neurons.

Humans, mice and other mammals also have GCM proteins – inherited from the ancestor we
shared with flies, hundreds of millions of years ago. While these molecules also act as tran-
scription factors in our own cells, they don’t seem to activate genes in the nervous system, like
their fly cousins. Instead, they help cells develop into other tissues.

Despite these and other differences that have arisen through evolution, GCM proteins from all
kinds of organisms have kept one common feature: the surface that permits them to bind to
DNA. The module forming this surface is particularly interesting, according to Serge Cohen
and Martine Moulin from Christoph’s group, because it doesn’t resemble any other known
DNA-binding domain.

One of the most common ways that transcription factors grab onto DNA involves Zinc fingers.
Imagine someone stretching ametal spring and asking you to grab it with two fingers. Your fin-
gers would slip between the spread coils and grasp the metal strand. Proteins that bind to DNA
often act much the same way. The double-helix shape of the DNA acts like the spring, and the
proteins have finger-like extensions able to slip between the grooves. Zinc atoms act as clamps
that draw loops of the protein into finger-like shapes. Zinc fingers are so common that
researchers estimate that about one percent of all human proteins contain them.
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Zinc fingers have a characteristic pattern in their amino acid sequence and GCMs don’t show
this specific pattern. Some features suggest, however, that they could well bind to zinc atoms.
The researchers thought that zinc might play a unique role in the interaction between GCMs
andDNA.Through mutation experiments – which alter single bits of genes and proteins – sci-
entists elsewhere had also already made some progress in understanding the chemistry that
permits GCMs to bind to DNA. Some parts of the protein are required for docking, and oth-
ers aren't. The study identified specific "nuts and bolts" – key amino acids making up the
GCM – that are necessary to establish a proper fit.

Does the interaction depend on zinc at all? Serge and Martina turned to colleagues at the
Hamburg Outstation who are using X-ray light and a spectroscopic method called EXAFS to
detect atoms in proteins. Spectroscopy is based on the principle that substances absorb energy
from light that passes through them. How they emit this energy again depends on what the
sample is made of; each type of atom does so in its own way. By watching the emission pat-
tern, researchers see "signatures" of the atoms making up the substance. The researchers dis-
covered that zinc was trapped within the cores of GCM molecules bound to DNA.

Still, there was no real picture of how the transcription factor locked on.The best thing to have
would be an actual image of the two molecules in the docking position.Molecules are so small
that there are very few methods that can provide such pictures. It can be done using extreme-
ly high-powered X-rays, such as those produced at the synchrotron beamlines in Grenoble.
This method gave the researchers a detailed look at the structure of the complex of GCM and
DNA.

Christoph acts as tour guide to interpret the map. It's an interesting picture, he says; there are
no finger-like extensions to slide into the groove of the double helix. "The region of the GCM
that binds to DNA consists of two parts," he says. "They form a clamp that seizes the DNA
from two sides. GCM proteins clearly use zinc atoms to stabilize its structure , but in a way we
have never seen before; the zinc atoms are also critical for the function of the transcription fac-
tor. Changing any of the coordinating amino acid residues abolishes the transcriptional activi-
ty of GCM."

Two ways of binding to DNA: the GCM protein
(left), solved by Christoph Müller’s group in
Grenoble, and Fur, which Ehmke Pohl worked
on in Hamburg. Zinc atoms play a key role in
both molecules.
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Recently   at the Hamburg Outstation used crystallography and EXAFS to solve
another DNA-binding structure, involving iron as well as zinc atoms: this time, the protein
involved is called Ferric uptake regulator (Fur). It plays amajor role in a variety of infectious dis-
eases. "The protein we are studying comes from the opportunistic pathogen Pseudomonas aerug-
inosa which is responsible for lethal infections in the well-known genetic disease Cystic
Fibrosis," Ehmke says. "The long-term goal is, of course, to design antibiotics based on struc-
tural information."

This close view of the interaction of two molecules is a detail, but the ultimate goal of such
experiments is much larger. Researchers are on the trail of the physical and chemical grammar
that explains why specific molecules are able to activate particular genes – and that is an impor-
tant question. Switching on genes at specific times, in specific types of cells, is a key part of how
cells behave and how they respond to events like infections.The next step is to use such knowl-
edge to custom-engineer molecules, and many researchers are focusing on the design of zinc

fingers because they are relatively small and are critical components of many interactions
between proteins and DNA. Scientists are now trying to put their detailed understanding of
these processes to work in creating artificial transcription factors that can activate genes at will.

To do so, they’ll need a lot more protein structures, and teams in both Grenoble and Hamburg
are doing everything they can to help scientists get them much more quickly and accurately.
The two stations and the EBI are central members of a major integrated project, supported by
the European Union, called SPINE. This effort aims to streamline everything that happens
from the moment a protein has formed crystals until a researcher has a finished structural pic-
ture of the molecule in his hands.
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Ehmke Pohl,
inspecting one of the new containers that are being
standardized for use on any European beamline.
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The funds are being used to support both technical developments and software. Two years ago
 ’ team in Grenoble developed a robot that mounts and removes crystals
quickly from the beam; now Ehmke and  ’ group in Hamburg have created
a new type of sample changer suitable for the beamlines there. They are also in the process of
standardizing the containers that contain samples, so that the cryo-frozen crystals can be used
on every beam line.

Ehmke has also helped develop a standardized marking system for samples that will permit
researchers to keep track of a crystal wherever it goes.The procedure is based on a bar-code label
printed on the cap of each sample tube, and it has now been accepted as a European standard.
"This becomes very critical as we move into a phase where projects may involve hundreds of
samples that have to be tracked," he says. "It’s also important because it will allow researchers
to send the samples to any beamline in Europe using the same type of container. As researchers
get better at producing crystals, and beamlines are able to analyze even poorer ones, people will
be popping samples in the mail and sending them all over the place. To the normal user it may
not even matter really where the analysis takes place." He laughs. "The Americans call this
‘Fedex’ crystallography, after their express mail system."
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In the nucleus, DNA is wrapped around a cluster of eight proteins called histones at regular intervals.
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How do molecules get access to DNA?

If you peer into a cell nucleus through an electron microscope, it’s possible to see a strand of
DNA – but it doesn't look much like the elegant double helix that James Watson and Francis

Crick constructed in their laboratory in Cambridge fifty years ago. Usually DNA is cluttered
up with thousands of different types of protein – a complex mixture called chromatin. It's a
sticky mass that draws together in incredible tangles, shrinking into a compact form the way
that a rubber band knots up if you twist it from both ends. When these molecular knots get
compact enough, and large enough, they can be seen under a light microscope – they're the
chromosomes.

Knots and tangles have important functions in cells: by tying up DNA, they often make it dif-
ficult for other molecules to get access to it. Among other things, this keeps DNA from being
copied or genes from being activated at the wrong time. When these things have to be done,
the knots need to be loosened.   and her group are interested in this type of remod-
eling, and they’re looking at how proteins and RNA molecules participate in the process.

Drosophila is often used as a model to understand these issues because of a special feature of
fruitfly DNA. Just as in humans, female flies have two copies of the X chromosome, while
males have an X and a Y.

Normally two copies of a gene would yield double the amount of a protein as a single copy. But
many X-proteins need to be synthesized at the same levels in males and females, so cells have
special dosage compensation mechanisms to even out production. In humans and other mam-
mals, the second female X draws into such a dense bundle that it gets shut down completely.
Fruitflies have adopted the opposite tactic. The two female X chromosomes behave normally,
but the single set of male X genes switches into hyperdrive, doubling its output. To study how

99

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 55



EMBL_Bild_001-159  02.06.2003  8:20 Uhr  Seite 56

9:

      

cells restrict and allow access to DNA, a lot can be
learned by watching the X chromosomes of flies.

If you do, you'll witness one particularly dramatic scene
in the male. A group of molecules called the DCC (for
dosage compensation complex) clusters on the X chromo-
some and then spreads (like flies) to hundreds of loca-
tions. The DCC is a collection of at least five proteins
and two RNAs. Asifa and her colleagues were curious to
know why it needs so many parts.

Imagine trying to understand the motor of a car simply
by removing pieces, revving it up, and watching what
happened. Asifa's team used a new method to interfere
with single parts of the DCC, hoping that this would
make the machine fail in clear, informative ways.

The method is called RNA interference, and it permits
scientists to  remove specific molecules from cells. By
flooding the cell with an RNA that corresponds to a cer-
tain gene, they halt the production of proteins from that
gene. This effect was first noticed in another model
organism, the roundworm, and after several years of tin-
kering, researchers have adapted it to other species such
as flies and mice. It's a welcome shortcut; most other
methods of "knocking out" genes are much more com-
plicated. The method can be so straightforward that in
1999, EMBL researcher Tony Hyman used it to march
down an entire roundworm chromosome, looking for
genes that disrupted the cell cycle.

The RNA experiments yielded new insights into the
steps by which the DCC is assembled from separate
molecules and what roles some of them have. The
researchers also discovered an intriguing link between
the complex and a mechanism that unlocks tied-up
DNA.

"DCCs don't form in females because their cells don't
produce one of the proteins in the complex, and it's
needed to glue the whole thing together," Asifa says.
"Males produce all of theDCC components, and it cov-
ers the X chromosome, at hundreds of sites.Where you
find one of these complexes docked on, you also find a
very particular chemical change called acetylation.We've
discovered what looks like a very important link
between the DCC and that signal."

The chemical signal appears at the most fundamental
level of chromatin, tiny knots called nucleosomes. If you
look at DNA under an electron microscope, you see
that at regular intervals the strand is dotted by bead-like
structures: these are eight different proteins called
histones that DNA wraps around. Each histone has a tail
that hangs out of the nucleosome, where it comes in
contact with other molecules. Such encounters can
modify the chemistry of the tails, which are very sensi-
tive, and this leads to changes in the chromatin. One
effect is to slide nucleosomes down theDNA strand, the
way that rolling a bicycle forward rolls its chain along
the gear. This grabs new links of the chain in the gear’s
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teeth and frees up others. Even a gentle nudge can free up a critical bit of DNA, which may,
for example, allow a gene to be activated.

What happens when theDCC attaches itself to chromatin?One thing, scientists have thought,
is that it snags a molecule called MOF, which is able to perform a well-known chemical mod-
ification called acetylation – gluing acetyl to a histone tail. This often changes the structure of
the chromatin. But there hasn't been a clear picture of the DCC and MOF interact. How do
single components of the DCC come together, and how does this attract MOF?

In a project led by PhD student Alessia Buscaino, the group used RNA interference to dissect
the process. They discovered that MOF comes in direct contact with one of the molecules in
the DCC, a protein called MSL-3. When this happens, MOF transfers acetyl to MSL-3. And
that chemical change triggers a change in the properties of MSL-3; it can no longer interact
with an RNA called rox2.

This is important, Asifa says, because scientists think that rox2 may function as a sort of bull's-
eye on the male X chromosome; it may guide theDCC to specific places where it needs to link
up to DNA. "But maybe even more importantly, this is the first direct evidence that acetyla-
tion can change the ability of proteins and RNAs – rather than DNA – to bind to each other.
So this type of chemical modification may be more widespread than people have thought; it
may be involved in many more processes."

9;

Left page:
Male fruitflies have one
X chromosome, and a
complex of proteins called
the DCC clusters on it to
increase the output of its
genes.

Right:
The female fly doesn’t

produce msl-2, one of the
proteins needed to make

the DCC, so the complex
doesn’t form.

In males, the DCC makes
chemical changes to the
tails of histone proteins,
which DNA is wrapped

around, and this
influences the

productivity of the genes.
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Jürg Müller and Asifa Akhtar
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How does DNA get locked away?

While Asifa has been working on ways in which the cell activates DNA, colleague 
 across the hall has been thinking about just the opposite: how cells keep entire

sets of genes locked away in some parts of the body while permitting them to be active in oth-
ers. Some genes have very powerful effects – for example, they launch cell division, or they
touch off the process by which a stem cell decides to become a red blood cell, a neuron, or mus-
cle.Whole collections of genes are needed as an organism's first few cells shape themselves into
an embryo; then that genetic information is shut down for good.

What makes these genes inaccessible? And how can a "decision" that has been made in a cell be
passed along as that cell divides into daughters, and grand-daughters, and on and on into bil-
lions of descendants?

"We believe that cells make some of these decisions through a reorganization of chromatin, and
the decisions are 'remembered' by holding on to that order as cells divide," Jürg says. "We've
discovered proteins that help preserve it over the long term. For example, Polycomb proteins
keep many different important developmental genes in check, and Trithorax proteins keep them
switched on. The two types work together in a balanced way to maintain activity states."

Polycombs and Trithorax proteins are so important that several of these have been conserved
throughout the animal kingdom, over immense stretches of evolution. They influence numer-
ous genes that help embryos develop and make sure that certain types of cells, for example
blood cells, differentiate properly. But the balance between activation and repression changes
over time, and has to be managed very carefully. Tissues undergo phases of rapid cell replica-
tion and then calmer periods where cells differentiate into muscle, blood, neurons, and hun-
dreds of other types. If timing and balance are upset, the result can be cancer. Recent work has
shown a connection between some types of tumors and upsetting the activity of Polycomb pro-
teins.
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Proteins often affect chromatin structure because they chemically modify the tails of histone
proteins in nucleosomes, small bundles of molecules which DNA wraps around (see previous
article). One type of modification, called acetylation, often leads to the activation of genes.

Shutting them down usually requires a different strategy. Some molecules simply strip acetyl
groups off the tails again. Another way is to modify a histone tail with methyl groups – a process
called methylation. And then there's the clutter method: setting up roadblocks to a particular
gene by loading up DNA with other molecules.

"We know a bit about Polycomb proteins," Jürg says, "but until very recently, no one has had
a clear idea of how they act. There hasn't been any evidence that they're able to do the kinds of
chemical modifications normally associated with remodeling chromatin."

In the fruitfly, Polycomb proteins join two different types of complexes. One type seems to
latch onto histones and use the roadblock method. Jürg focused on the second type of com-
plex. Together with the group of Jeff Simon, at the University of Minnesota, they found that
the complex contains three Polycomb proteins: ESC, E(Z), SU(Z)12 and another protein.
Indirect evidence by other groups had suggested that another molecule associated with the com-
plex might keep genes inactive by stripping acetyl off of histone tails.

But a careful look at E(Z) suggested that it might work differently. It contains a "theme" called
a SET domain that researchers have seen before. "It's found in many molecules that modify
chromatin," Jürg says. "Some of them can transfer methyl groups to histones."

Could E(Z) be doing the same thing? Previous attempts to measure the protein's chemical
activity in the test tube had failed. This didn't necessarily mean anything. E(Z) doesn't operate
alone in cells; other molecules in the complex might be required for it to be active.

And in Drosophila, Jürg had good evidence that the E(Z) SET domain was essential for keep-
ing key genes switched off. They modified amino acids that were known from other SET

Each of the histone proteins that DNA wraps itself
around has a tail composed of many amino acids.
Other molecules chemically modify specific sites on
these tails. This influences the larger structure of
DNA: the complex knots that it forms, and whether
genes can be transcribed into RNA. JürgMüller and
his colleagues showed that when E(Z) was bound to
a complex, it attached methyl to the K27 amino acid
in a histone tail, with important developmental
effects on the fruitfly.
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domains to be required for catalytic activity. Even a single small change in the chemically-active
part of the protein results in severe developmental defects in flies.

The next hurdle – getting all of the components of the complex assembled in the test tube was
a necessary step: it was the only way to find out exactly where on the histone E(Z) deposits
methyl groups. Here the group got help from Bob Kingston and his colleagues at Harvard
Medical School.

They discovered that what E(Z) couldn't do alone in the test tube, it was able to do very well
when assembled with its three partners. The complex attached methyl to a precise location on
the tail of a specific histone. This only happened with the help of E(Z)'s SET domain.

"Our current work is very strong evidence that histone methylation is the chemical means by
which the complex represses genes," Jürg says. "Our next step will be to study exactly how the
complex finds and binds to the proper genes."

There are more questions to pursue.What’s the effect of this specificmethylation? It might pre-
pare the chromatin so that other proteins can dock on; it might prevent other proteins from
binding, or E(Z) might methylate molecules other than histones, with completely different
effects.

The findings are especially interesting, Jürg says, because the three Polycomb proteins in the
complex are found in so many different organisms. "We know that they influence the activity
of genes in many other species, including plants, so this looks very much like an important
machine that arose early during the evolution of multicellular organisms."
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What role does chromatin play in the
cell cycle?

Imagine a vast, overcrowded factory with billions of workers that have to finish a job in a well-
coordinated way, according to a precise schedule. Suppose there is no master manager to yell

instructions over a loudspeaker; suppose that each worker has to be told what to do by his
immediate neighbors, communicating by word of mouth, in multiple languages. That's some-
what the situation of the cell as it gears up to reproduce.   wants to listen in –
he wants to learn the chemical languages by which molecules communicate; he wants to track
specific messages as they make their way across the production floor.

Some instructions are carried right up to the DNA, messages written in acetyl or methyl that
get glued to the tails of the eight bead-like histones that DNA is wrapped around. This infor-
mation helps chromatin go through some amazing changes within the space of a few hours. At
the beginning of cell division, DNA is sprawled out in its loosest form, to make room for huge
machines that copy it. Once that has happened, it quickly condenses into immense knots – the
chromosomes. These have to be very compact for a clean separation into two daughter cells.
Histones are active participants in the chemical conversations that guide these rearrangements
ofDNA, and they’re known to receive information in the form of acetyl and methyl groups that
get attached to their tails.

They also understand a third chemical language. Angel has been studying how proteins called
kinases communicate through phosphorylation – attaching phosphates to receptive neighbors. A
recent project by Anja Schmitt and Gustavo Gutierrez in Angel's group helped to clear up some
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questions about the relationship between phosphate signals, histones, and the behavior ofDNA
as cells prepare to divide.

"This is known to happen during two different processes," Anja says. "Histones often are phos-
phorylated as genes are being transcribed into RNA molecules. It also happens just as chromo-
somes start to become very dense during cell division."

The timing is right, but researchers have been unsure whether this chemical signal is really what
tells DNA to condense. Another question is where the message comes from.Where does it start,
how is it transmitted through the cell, and what immediate neighbor directly transfers phos-
phates to histones?

Angel works with the pearly egg cells of the frog Xenopus, a favorite of researchers who study
the cell cycle.Over the years, researchers have learned a great deal about the signals that prompt
the cells through various phases; they have developed a set of tools that let them start and stop
the cell cycle at several different stages.

"We were studying how a particular signal called PKA can arrest the cell cycle," Angel says, "and
we noticed that it corresponded to a heavy phosphorylation of the third histone – H3. There
were two interesting things about this: first, there might be a connection. PKA might be the
protein that transfers phosphates to H3. However, people have suggested that phosphorylation
causes theDNA to condense, and moves the cycle along.How could PKA be starting and stop-
ping things at the same time?"

It gave them a handle to investigate further. First they wanted to show that PKA was delivering
the signal directly to the histone. They flooded the cell with a defective version of the protein
– normal in all respects, except that it can't speak the language of phosphorylation.The histone
immediately stopped receiving its phosphate signal. Then the researchers raised the amount of
normally-functioning PKA, which increased the amount of histone phosphorylation. So it was
fairly obvious that the two molecules were speaking to each other, although this might be hap-
pening through an intermediary molecule.

But what were they talking about? A further study in collaboration with Péter Lénárt, in 
’s group, showed that phosphorylation continued even when the DNA didn't con-
dense, when it appeared to have no interest in cell division. Was there any connection at all?

The lifecycle of Xenopus egg cells has several distinct phases, and sometimes the same chemi-
cal language is used to pass different instructions in different phases. Anja wasn’t ready to give
up on phosphorylation yet: the signal is still strong at a critical moment later in the lifecycle of

The chromosomes of cells which produce the protein PKA (above) don’t condense into the compact form they
need to assume before cell division. Red marks DNA; green marks histones which have been phosphorylated,
and these two images are combined in the right frame.
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Anja Schmitt

the egg cell. It happens even when PKA is completely inactive, which means that there’s at least
one other method of tagging histone H3 with phosphates.

Angel and his colleagues have now found that the signal originates in a major cellular commu-
nication network called the MAPK pathway. This information channel is involved in several
parts of the cell cycle; it relies on many different proteins to pass phosphates.

"We don’t know the last link in the MAPK chain yet, the protein that actually phosphorylates
the histone tail," Angel says, "and we don’t know its precise function.We have shown that this
isn’t the major trigger that makes chromosomes condense."

In cells which don’t express the PKA protein, chromosomes condense at this stage of the cell cycle, and cell
division can proceed correctly.
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How do molecules help organize 
cell division?

Not far down the hallway from Angel, colleagues are working on a molecule that helps gov-
ern cell division in the fruitfly. Its effects may be indirect - but they're turning out to be

powerful.

"Important parts of the cell cycle are controlled by a mixture of kinases and phosphatases -
which add or remove phosphate groups from molecules and proteins," says postdoc Bodo
Lange. "All of the this has to be carefully managed so that cells divide at the proper time and
in the proper way. But we understand very little about the mechanisms responsible for that con-
trol."

One of the culprits is a molecule called Cdc37, found in humans and many other organisms.
Since its discovery twenty years ago, researchers have shown that this protein is a necessary part
of the cell cycle. "It interacts with all sorts of molecules involved in passing signals, cell divi-
sion, and cell differentiation," Bodo says. "Yet we don't know where it's typically located in the
cell, or what it's exact role is."

Recently Bodo and other members of  's group took on the task of pinning
its functions down in the fruitfly, in which researchers had identified some mutations of Cdc37.
These aberrant versions of the protein led to severe, fatal defects during fly development. The
researchers hoped to see precisely what was going on in cells under the microscope. This could
give them helpful information about the protein's function.

"The cells that divide to produce sperm cells, called spermatocytes, are especially suited for this,"
says Elena Rebollo, a postdoc in Cayetano’s group. "Their cell divisions can be followed in fan-
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In these images, Cdc37 has been labeled in yellow, DNA in blue, and green marks the spindle: the structure
of microtubules that pulls chromosomes apart. Above, chromosomes have separated and migrated to the poles
of the spindle. At this stage, Cdc37 is found both in the cytoplasm and on the spindle.
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tastic detail under the microsocope, so we could precisely see which things were going wrong
when the cells divided. The chromosomes are separated unequally between the two forming
nuclei and cell division fails completely. The reason seems to lie in the machinery that cells
build to pull chromosomes apart, and to place them in their proper "parking positions."

Cells use a system called microtubules - long, rod-like chains of proteins - to move molecules
around. Usually most of these microtubules radiate from the center of the cell outwards. But
when it comes time to divide, cells tear them down and rebuild them, aiming at the center from
two sides, like long fingers reaching out to clutch the chromosomes. They form an elegant
shape that researchers liken to a spindle, and pull chromosomes in opposite directions. This
presupposes that the chromosomes have condensed into tight bundles, have lined themselves
up in orderly rows, and that the microtubules can find and attach themselves to them.

Bodo, Elena and their colleagues noticed that in flies with defective Cdc37, just about every-
thing seems to be going wrong. Chromosomes don't condense well, and they don't line up
properly. The microtubules fail to build a fully functional spindle. The timing is all off, as well:
DNA starts splitting apart too early, and at an uneven pace. In the end, Bodo says, the DNA is
distributed incorrectly between the two daughter cells, sometimes creating two nuclei without
dividing, or sometimes resulting in multiple, abnormally-sized nuclei. Basically, a mess.

"We looked at how the spindles form in these cells closely under the microscope," Bodo says,
"and found several defects that explain some of these events. So we wanted to go farther: what
was the molecular link between Cdc37 and the organization of chromosomes and the spindle?"
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Later in cell division, Cdc37 is found on the midbody (yellow), a bridge-like structure of microtubules that
connects the two daughter cells prior to their final separation.

Researchers knew that Cdc37 helps a molecular complex find and lock onto several kinases.
This activates or stabilizes some of them, and the proteins go on to tag other molecules with
phosphates. Defective Cdc37 probably means that at least one of these molecules isn't being
activated or is altogether destabilized. But which one?

The defects reminded Bodo and Cayetano of cells they had seen before: the same types of severe
problems occur when a molecule called Aurora B fails to function. Maybe there was a connec-
tion. To be sure, they studied both types of defects closely under the microscope and found a
strong resemblance in the way these cells failed to divide properly.

Then the researchers performed several experiments and demonstrated that the two proteins
link to the same molecular complex, and that the stability of Aurora B's drops sharply when
Cdc37 doesn't function properly.

Cayetano has long been interested in the connection between defective cell division and
tumors, and this story has a tantalizing link to cancer. "In lung carcinomas and other types of
cancer cells, the interaction between Aurora B and Cdc37 that we see elsewhere is disturbed,"
Cayetano says. "We don't know what this means. But it is interesting that levels of Cdc37 are
too high in some forms of cancer. In others, you see high levels of some of the proteins that it
binds to, or mutations in these molecules. What we've shown is that Cdc37 has to work cor-
rectly for chromosomes to be divided up equally and for proper cell division. Changing its
activity could upset the balance and somehow destabilize the genome. We now need to inves-
tigate how specific problems with the protein might be critical in the early events that lead to
cancer."
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What role does chromatin play in
structuring the nucleus?

Many different kinds of molecules meet at nucleosomes. These tiny knots of histones and
DNA act as information centers, receiving messages in several chemical languages and

changing the organization of chromatin.That, in turn, has long-term effects in switching genes
on and off. It also plays a role in the cell cycle.DNA and the molecules clustered around it aren’t
passive players when the cell divide; they actively participate.   and his colleagues are
trying to track the influence of specific molecules on the behavior of the whole nucleus.

In many ways, the nucleus resembles a cell inside the cell. It has its own chemistry and a mem-
brane which closely guards what passes in and out – much the way that a cell protects its con-
tents from the environment. Twenty years ago, James Lake proposed that far back in evolution,
an ancient ancestor engulfed a one-celled organism called an Archaea. The two established a
successful partnership, and that’s where the nucleus came from. There’s a growing amount of
evidence to support this model or something like it.

Outside the nucleus, in the cell cytoplasm, are molecules which shouldn’t have access to DNA.
This poses a problem when the cell divides because the nucleus loses its protective shield; the
membrane is taken apart. It will reform once the two new copies of the DNA have been sepa-
rated and moved to opposite sides of the cell. But in the meantime, defenses are down. When
the membrane disappears, molecules from the cytoplasm wash in.

The fact that DNA has knotted itself up into extremely tight chromosomes helps protect it
from contact with harmful molecules. But as new membranes form around the daughter DNA,
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each nucleus has to go back to business as usual.How does the cell pull together everything that
ought to be inside, and exclude everything else?

For several years Iain’s group has studied the two-way traffic of molecules between the cyto-
plasm and the nucleus and the mechanisms that control it. A protein called Ran plays a critical
role in traffic moving both ways. It interacts with cargoes going both directions, and changes
in its chemistry act as a signal that tells packages whether they are in the nucleus or the cyto-
plasm.

Ran comes in two forms. In the nucleus, it is found in a high-energy state (RanGTP – "T"
stands for "three" and the "P" stands for phosphates). In the cytoplasm it has a lower energy
(RanGDP – "D" means "two") because the chemistry of this part of the cell strips phosphates
from it. This difference is a fundamental distinction between the nucleus and the cytoplasm.
It’s one of the things that has to be reinvented when the nucleus reforms.

Iain’s group discovered that the molecule in the nucleus which loads it with extra energy, called
RCC1, is often found anchored to chromatin. They proved that in some types of cells, RCC1
has to be there for chromosomes to link to molecular "towing lines" that pull the copies apart
during cell division.

They also showed that RanGTP is found in high concentrations near chromatin. And it has to
be there; otherwise,membranes don’t form properly around the two new nuclei in cell division.
But explaining why this happens required a number of new experiments.
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RanGTP and RCC1 play important roles in
organizing the nucleus and coordinating the
events surrounding cell division. Now Iain
Mattaj’s group has shown that the two molecules
can bind in different ways to chromatin, and
that Ran plays a role in drawing the nuclear
membrane together again after it has been
disassembled during cell division.

Is RanGTP directly linked to nucleosomes? And does RCC1 not only load it with energy, but
direct it to the nucleosome? Can Ran separate itself from the chromatin again without losing
its energy? Answering these questions, Iain says, would help to understand the molecules’ role
in the cell cycle. If RanGTP were only found very close to DNA, this would lend the neigh-
borhood special chemical characteristics.

Daniel Bilboa-Cortés and other members of Iain’s group recently conducted several experi-
ments to track Ran and RCC1’s behavior in relationship to chromatin.

"We discovered that both Ran and RCC1 can bind independently to chromatin," Iain says,
"although they bind in significantly higher concentrations when they work together." They do
so in different ways, latching onto different histones. This means that they won’t get in each
other’s way, as they form a partnership, and it may tighten their link toDNA. (It’s better to grab
something with two fingers than one.)

Daniel and his colleagues also tested another of Ran’s characteristics: it can draw in small bits
of membrane that are needed when it comes time to sew together a complete membrane around
the new nucleus. For this to happen, membranes have to find the DNA – and this happens
most efficiently when chromatin is loaded with Ran. "We’re still investigating whether this is a
direct effect, or whether Ran influences another process to pull the membrane together," Iain
says. "In any case, it indicates that when you find RanGTP, it’s likely to be sitting on chromatin,
and this might be a key signal in forming the new nucleus."
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How do chromosomes remember
where they’re supposed to go?

If you ever lose a piece of a nucleus, go see  , because he can probably help you
track it down. Given the fact that the nucleus gets completely dismantled during cell divi-

sion, and parts get scattered all throughout the cell, it’s a wonder that things don’t go missing
all the time.

Cells have an amazing memory of how to put things back together; the two daughters that
result from cell division look remarkably like their parent. One of the hot questions in biology
right now is to identify the molecular basis of this memory. 

Jan has been working with advanced microscope techniques to study this and related phenom-
ena. He has also helped several other groups watch processes involving the nucleus; Jan’s group
helped Iain Mattaj study Ran’s associations with chromosomes (see last story). He has also done
things like burn grid-like patterns onto the nuclear membrane to watch how it gets torn apart
during cell division. 

Recently, his group has developed a different microscopy technique to make maps of chromo-
some movements in live cells in order to see how they find their place in the nucleus. Scientists
have been wondering about this question for a long time: over a century ago, Carl Rabl turned
his light microscope on stained salamander cells and discovered that the entangled “fibers” in
the nucleus in one generation of cells looked similar to those in the last. (The paper was pub-
lished in the Morphologisches Jahrbuch in 1885; don’t look for it on Pubmed.) Rabl found this
interesting and speculated that it could have to do with the mechanism of dividing a nucleus

EMBL_engl_001-159  04.06.2003  13:45 Uhr  Seite 75



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 76

     ’   

76

into two identical halves. However, he couldn’t prove the idea  – no one knew what chromo-
somes were, or that they were linked to heredity.

Times have changed. "We know that the organization of chromatin and larger structures in the
DNA can control the activity of genes," Jan says. "If you want to explain things like cell dif-
ferentiation where the activity of many genes has to be changed, you’ll have to understand dif-
ferent levels of gene organisation, from transcription factors at individual promoters, to acety-
lation states of histones that the DNA is wrapped around, all the way up to the organization of
entire chromosomes."

In order to look at chromosomes in live cells, one has to mark them with a dye. One way is to
tag histones with green fluorescent protein (see the story on page 143). When cells divide, the
DNA is condensed in tight chromosomes, making things clear: each of the twenty-three pairs
can be seen. But between cycles of division, DNA from each chromosome becomes loose and
fluffy; you can’t see individual chromosomes any longer. It’s as if you stuff forty six green cot-
ton balls (the chromosomes) into a tight ziploc bag (the nucleus). If they are all the same color,
Jan says, you’re out of luck. You’re looking at a big pile of green cotton.

Things become easier to track if you create a combination of markers: Jan used cyan and yel-
low fluorescent proteins to label each chromosome with both colors. “You still have a bag full
of identical balls again – red and green-colored,” he says, “but you can get rid of the green color

If the cell cycle were spread out 
over 24 hours...

Midnight to 2am is the phase of cell division.
The rest of the day is called interphase:
2am - 10am: resting phase.
10am - 7pm: the DNA gets copied.
7pm - midnight: The identical copies are held

together until the next five or six hours of
the day and the cell prepares for the next
round of division. 
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in a whole region of the nucleus just by flashing a laser on it. The YFPs light up in one brief
flare, spending their fluorescence, because the red color doesn’t change. You now have to kinds
of chromosomes in the nucleus that can be clearly distinguished.” The technique is called pat-
tern photobleaching, and it leaves marks that remain for several hours – long enough to track
things through part of the cell cycle.

If you think of the cell cycle as a 24-hour clock – human cells in culture actually divide about
once a day – then the process of division happens between 12 and 2 a.m. The rest of the "day"
is called interphase. The cell rests until about nine or ten a.m., and then gets busy for eight or
nine hours duplicating its DNA. After duplication each chromosome consists of two sister
chromatids, identical copies that are held together until the next five or six hours of the day and
the cell is ready for the next round of division.

Chromosomes don’t move around much during interphase. To predict how chromosomes
should behave during the short time when a cell divides, Jan collaborated with Roland Eils’
group at the German Cancer Research Center (DKFZ) downtown in Heidelberg where Daniel
Gerlich developed a mathematical model based on quantitative measurements from experi-
ments that represent the current knowledge of scientists about chromosome dynamics. "The
model predicted that chromosomes should be scrambled during cell division if their movement
occurs at random times with respect to each other" Jan says. "That would mean that each
daughter cell would look very different from its mother". To test the predictions of the model,
Daniel then joined Jan’s group to mark chromosomes in dividing cells.To his surprise he found

Most of the time, DNA sprawls throughout the nucleus; it only forms tight chromosomes when the cell is
preparing to divide. Jan Ellenberg and his colleagues used a combination of fluorescent markers and “photo-
bleaching” to label specific regions of the DNA in live cells so that their movement through the cell cycle could
be tracked.
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that chromosomes maintain highly-organized
positions throughout the process of division.

Jan shows a film that his group made of this
process, visible on his website. The nucleus
appears as a globe; the northern hemisphere
blazes in a luminous green; the southern half
glows red. "That’s DNA still in its extended
form; it fills the nucleus," he says. As the film
rolls, there’s turbulence in each hemisphere.
Holes appear; red and green strands form that
jump into a tight bundle in the center. Then the
DNA is pulled apart, sprawling out again in the
daughter cells. The hemispheres reappear – one
half red, the other green.

In other experiments, the researchers tinted sin-
gle chromosomes, or smaller structures in the
DNA. They created red and green spots on key
features, such as centromeres – the structures that
keep chromatids (sister chromosome copies)
together; microtubules latch on here when the
chromatids are pulled apart. The same effect is
seen: patterns in the daughter cells are very sim-
ilar to the previous generation. "This happens
in spite of the fact that in the middle of cell divi-
sion, the chromosomes are pushed into a flat
disk in the center of the cell, and you’d think
that most positional information gets complete-
ly lost," he says.

To figure out why simulation and experiment
didn’t agree, it was time for a much closer look
at exactly what happened at the crucial moment
– as the chromosomes bunched up densely in
the center of the cell and their chromatids were
pulled apart to the daughter cells. Jan and his
colleagues noticed that some sister chromatids
were pulled apart earlier than those of other
chromosomes. In fact, there seemed to be a clear
relationship: the earlier a chromosome was seg-
regated into it chromatids, the farther it traveled
in the daughter cells.

"When we added this calculation to our models,
we suddenly saw the same thing," Jan says. "The
simulations reflected very closely what hap-
pened in the cells."

What molecular events could cause some chro-
mosomes to segregate earlier than others? It is
known that the sister chromatids are held
together at centromeres, where the DNA is in
an especially compact form called heterochro-
matin. Jan says that treating the cells with drugs
that prevent heterochromatin from becoming
so compact disrupts the process, tossing the
chromosomes into random order in the daugh-
ter cells just like in the initial computer simula-
tions. The heterochromatin region is longer in

EMBL_engl_001-159  04.06.2003  13:46 Uhr  Seite 78



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 79

79

some chromosomes than in others, and Jan and
his colleagues think that there are implications.
Longer stretches would bind sister chromatids
more tightly together, and therefore they would
need more time to separate. Chromosomes
with less heterochromatin at the centromere
would separate earlier, and be carried farther in
the cell. This mechanism can explain how chro-
mosomes are sorted during segregation, adopt-
ing similar positions to those they occupied in
the mother nucleus.

How important is positioning to the activation
of genes, and the generation of features that set
cells off on particular developmental programs
– whether they become nerves, muscle, or
blood cells? That’s the next generation of ques-
tion, Jan says. To work it out, researchers will
have to track long-term changes in chromoso-
mal positions as cells and tissues differentiate in
embryos or in culture.

Between the simulations and the microscopes
and a clever way of tackling problems, his
group may have the right tools to take on those
questions. They’ve already shown that
simulated life can model the real thing. When
it doesn’t – providing you have things set up
right – it means at least one of your
assumptions about the system is wrong. And
with model and experiment you can test them
one by one until you get it right.

To understand the complex processes that take
place in cells, scientists are increasingly turning
to computer models and simulations. Jan
Ellenberg’s group has been using advanced
microscope techniques to label parts of the
nucleus and track what happens over the
course of cell division, and computer programs
to analyze the mechanisms that influence the
movement of DNA and the nuclear mem-
brane.

The left column shows pictures taken from liv-
ing cells. Proteins attached to DNA are
marked with combinations of fluorescent
labels and then bleached, making it possible to
watch the complex shapes that DNA assumes.

Jan and his colleagues made some discoveries
about how DNA structures from a parent cell
are copied to the offspring. By getting their
simulations (right column) to imitate life, they
could make hypotheses about which factors
influence the positioning of chromosomes after
a cell divides. Then they changed conditions in
the test tube to verify their ideas. A case of life
imitating art - or at least of it imitating a
computer program.
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How does garlic work?

"Despite the fact that many cultures around the world use garlic in their kitchen as well as
their medicine cabinets," says  , "we don’t know much about the molec-

ular basis of its special and unique properties."

There’s a bulb of the plant sitting in his office at the Hamburg Outstation. He breaks off a
clove, peels away the husk, holds it out. If you take a bite, its pungent odor will follow you
around like a cloud for a day.

Garlic has had a long time to earn its place in our cuisine and our folklore. "People have used
it for more than 4000 years," Manfred says. "It probably originated in Central Asia, and made
its way to us via the ancient Sumerians, the Egyptians, the Greeks, and the Romans."

The plant has been used in therapies to lower blood pressure and to inhibit blood clotting; it
has been put to work against viruses, fungi, bacteria, and even cancer. Now Manfred and PhD
student Bartholomeus Küttner, from the Institute of Molecular Biotechnology in Jena, have
taken a high-resolution, three-dimensional snapshot of a protein called alliinase, which is
responsible for producing garlic’s active compounds.This picture is a first step towards explain-
ing what happens when you eat garlic.

"Bartholomeus has been very highly-motivated about this," Manfred says. "He grew garlic in
his garden; he went to Switzerland to dig into the personal archives of the researchers who orig-
inally discovered its active ingredient."

He says that alliinase sits in pocket-like regions of garlic cells called vacuoles. "What it does is
cleave another molecule called alliin, which is related to the amino acid cysteine. This is an
intriguing hint about its function in the larger scheme of things. Normally a vacuole acts a cell
‘receiving rooms’ for uninvited guests – bacteria get invited inside, for example – where a variety
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of molecules cut them up into harmless substances. So we think that alliinase may be part of a
sort of primitive plant defense system."

The researchers used one of Hamburg’s synchrotron beamlines, which produces the laser-like
beam of X-rays needed to capture images of single molecules. Two copies of alliinase latch onto
each other in order to cleave alliin. Each copy has three distinct units, or domains, with differ-
ent functions.

"Two of these units resemble the building plan of other molecules with similar functions,"
Manfred says. "But the surprise is alliinase’s third domain. It is very much like a component
found commonly in animals – called an EGF domain. This structure usually acts as a sort of
adaptor module that helps one protein bind to others. However, EGF domains are not com-
monly found in plants."

And, Manfred adds, this is the first time a plant EGF domain has been found as one module
of a protein that can cleave other molecules.Why does garlic have this unusual hybrid protein?

The researchers don’t have an answer yet, but there is something intriguing to chew on: eating
garlic causes an immune system reaction in humans. The body becomes sensitized to alliinase;

antibodies against the protein can be found in the blood. "This implies that alliinase doesn’t get
broken into pieces as it is digested; it passes into the bloodstream intact," Manfred says.

So whatever the protein does when it is absorbed into the body, it has all of its domains to work
with. Does the EGF unit serve as a docking module that latches onto specific human proteins,
bringing them within reach so that the active part of alliinase can bestow a chemical bite?
Understanding garlic’s effects on the body – whether therapeutic, aromatic, or gourmet in
nature – will ultimately depend on explaining how its key proteins interact with other mole-
cules.

That will require more work, and more close-up pictures like the one obtained by
Bartholomeus and Manfred. Their next goal is to move farther down the spice rack, to similar
molecules in onions, and to look at other molecules known to work  with alliinase in garlic.

But will this explain the plant’s domination of SouthernMediterranean cuisine, or its effects on
vampires?

"Probably not," Manfred smiles. "At least, not in the foreseeable future."

Left: the three-
dimensional structure
of garlic alliinase. The
protein has two main
subunits: one shown
here in colours, the
other in grey. Colours
show details of one
subunit: yellow is the
N-terminal domain,
cyan is the central and
PLP-binding domain
and red is the C-
terminal domain

Right: Manfred Weiss,
dreaming of dinner
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How do viral scissors know 
where to cut?

R  is doing something that nearly all EMBL group leaders eventually go through
– he’s getting ready to leave. He hasn’t started packing yet; his office is still in a mild state

of disarray. Actually, it will be awhile before he starts putting things in boxes.He takes me across
the hall to his lab, leans up and points out the window at a grassy space between the Grenoble
Outstation and a building that belongs to the ESRF. "That’s where they’re starting the con-
struction," he says. "The group will stay here at EMBL until it’s finished."

The building he is talking about is a project of the Partnership for Structural Biology (PSB), a
joint project between EMBL, the European Synchrotron Radiation Facility (ESRF), the Institut
Laue-Langevin (ILL), the FrenchNational Research Council (CEA/CNRS), and the University
of Grenoble. It will house a new Institute of Virology, which Rob will head. This is the logical
result of a long-term research collaboration on viruses that the three institutes have carried out
for several years.

"I don’t know if the view from my new office will be quite this nice," he says. The weather has
suddenly turned warm, but the grey slopes that rise just outside the window are still capped in
snow. A scientist or two has been known to slip out for a weekend of skiing.

Rob has become one of those strong bridges between EMBL and nearby national and interna-
tional institutes. This happens at all the Laboratory sites, and it works particularly well in
France, where teams from the Outstation work side-by-side with scientists from all their cam-
pus partners and closely-situated industrial partners.The strong links built by OutstationHead
 , Rob and other colleagues have resulted in the PSB, which is taking on big
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projects – for example, they are a key component of a major new structural genomics initiative
supported by the European Commission called SPINE.

A major theme of that work will be the investigation of molecules which play a role in human
diseases. Rob works with viruses such as ebola, rabies, and herpes, trying to understand the
processes by which they are put together in cells. Recently he and Marlyse Buisson, working
with scientists from many other Grenoble institutes, got a close look at a protein that a herpes
virus needs to create viable copies of itself in human cells.

Ninety per cent of us are infected with the Epstein-Barr virus, and if we caught it during child-
hood, like most people do, we probably escaped without serious consequences.We are still car-
rying it around in our bodies; it lurks in cells called B lymphocytes.

"The viralDNA sits in the nucleus of those cells and gets replicated along with our DNA," Rob
says. "It’s usually quiet; it produces proteins that keep it latent. But if your immune system is
weakened, say by HIV, or by the immune suppression that accompanies a transplant, then it
becomes a huge problem. Then Epstein-Barr often leads to cancers, such as Hodgkin’s disease,
or blood cancers."

He says that current drugs – even if they do well at fighting the virus in the test tube – are much
less effective in patients. Studying the molecules that make up viruses should identify structur-
al weak points that will lead to new therapies; the process of putting a virus together is so del-
icate that it can be disrupted at many places. Upon entering a cell, the virus has to get all of its
components copied hundreds or thousands of times – this may happen in various places in the
cell – and then they have to come back together to be packed up into new infectious agents. If
you could interfere with any part of the process, you’d likely create a lot of badly-packed virus-
es that were harmless because they couldn’t infect other cells.

Rob has focused on one component of Epstein Barr that seems highly susceptible to attack: a
protein called assemblin. An infected cell produces two versions of this protein for the virus – a
short form and a long one.The longer version has an extra component: a protein-cutting mod-
ule called a protease that will be important in constructing finished viruses. Both forms are pro-
duced and then shipped into the cell nucleus. It’s the long form that causes trouble, especially
when things kick into high gear and high quantities of the protein are produced. Then two
copies of the longer version link together – creating dimers. This fusion is critical, because it
activates assemblin’s protein-cutting domain.

Dimers are only formed when a high quantity of assemblin is packed densely together. This
happens when the molecule clusters in globe-shaped spheres in the nucleus; they are tightly-
folded, Origami-like. "This is the scaffold that builds the capsid – the inner core – of the virus,"
Rob says. "Once the sphere has been formed, then the scaffold has to be removed to make space
inside for the DNA of the virus.That’s where the protease comes in. It trims off parts of assem-

The protein assemblin is produced by the Epstein virus when it enters cells. Sometimes assemblin comes with
an extra domain called a protease, which can cleave proteins.

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 86



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 87

<;

blin; the scaffold comes out, and the DNA comes in. This packs everything up to be taken out
of the nucleus. It gets wrapped up in membrane, the cell blows up, and the virus can go on to
infect other cells."

The precision by which all of these forms have to fit makes assemblin and the activity of the
protease highly interesting for drug developers. Since 1999, Rob has been working on the pro-
tein in a collaboration with researchers from the university hospital, the structural biology insti-
tute of the CEA/CNRS, and EMBL.

There are several key points in this process that could be disrupted by drugs, Rob says. First,
you could inhibit the activity of the protease, which would stop the formation of the viral core.
Or you could prevent assemblin from forming dimers, because two copies have to be linked in
order for the protease to be active.

"The third thing you could do would be to make it
form dimers too fast, before it creates these globules in
the nucleus," Rob says. "The timing is very important.
It should only dimerize and start cutting assemblin
once everything is in place. If that happens too early,
you’ll get smaller fragments that won’t form a proper
scaffold."

As they worked on assemblin, his team realized that the
protease would have to have a different architecture
when it was linked to assemblin and after it separated.
The difference would probably influence both its abil-
ity to bind to another protein and its chemical activi-
ty.

Making drugs to disrupt this process will require a pre-
cise structural view of the molecule, and collaborator
Wim Burmeister managed to produce crystals of
assemblin that could be studied at the Grenoble beam-
lines. The researchers discovered that a loose loop connecting some parts of the molecule helps
the domain find the correct location that it should cut. They also were able to peer into a shal-
low pocket on the surface of the protease. This serves as a socket that the protein next to it can
plug into, allowing the dimers to form.

Rob and his team will now take a closer look at the structural and chemical changes that assem-
blin undergoes as the protease cleaves itself off the larger assemblin protein. The nicest thing
about moving into a building next door, he says, is that it won’t slow things down.

And maybe he won’t even have to use boxes. He can just carry things across.

This protease domain makes a cut within its own mother molecule - assemblin. This is a key step in the life
of the virus: assemblin acts like a building scaffold that has to be removed to get DNA into the viral core.

The structure of assemblin
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How do you fit a lot of power 
into a small space?

Over the course of the last decade, a lot of things have changed in the world of structural
biology. The Hamburg Outstation has been marked by those changes more than most

places. One very visible manifestation is the facelift that Building 25b, tucked into the DESY
campus, has received. In 2002, Heidelberg’s Ernst Heinmoeller got to clamber to the top of the
roof, hoist up a wreath, and inaugurate a major addition to the building that he and his
BuildingMaintenance team had planned and supervised.The enlargement had been needed for
years because of the ever-growing number of users who depend on Hamburg for services in
their structural work.

Inside the buildings there have been many more changes.   crawls around
under the machinery at "Fan K," a tight room where one beam gets split into three different
streams of powerful X-ray light. As he moves by, he touches the surface of metal cylinders – vac-
uum chambers holding equipment that is operated from the next room when the beam is on.
Last year his team completed the rebuilding of two of these beamlines, which needed to be up-
dated, and began setting up an entirely new line (X12) for specific types of experiments called
MAD. X-rays are now focused and tuned in new ways, which will have a direct effect on what
scientists can learn about proteins.

It’s the job of Christoph and his engineers to get the most out of X-rays whirling off the syn-
chrotron source. Behind the thick layers of concrete protection, positrons – the positively-
charged twins of electrons –  sweep around the racetrack-like ring called "DORIS". As magnets
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pull them in a curved path, they emit X-rays. "It’s like water cast off a water wheel," he says.
"To use them, you have to guide them to and focus them on your sample."

Rebuilding the two K-fan beamlines has taken a whole year; the new line will become fully
operational sometime next year.There are several synchrotron beamlines in the world right now
– can’t you just import something that has been developed elsewhere? Christoph says the bulk
of work has to be done on-site, by people who are familiar with the situation at DORIS. "But
of course we make use of components developed in other laboratories as well as commercially
available items," he says. Back in his office, he introduces me to Thomas Gehrmann, a mem-
ber of his team. "Thomas built the machine we were just looking at," he says.

Christoph uses an architectural diagram to show me why Hamburg needs its own engineers and
its own solutions. DORIS was built for physics; when Ken Holmes and his colleagues came
along thirty years ago, to tap into the ring’s X-rays, they had to take the space they could get.
As well as splitting the beam into three, scientists have been packing more and more equipment
into the K-fan room; what you can’t do, even in physics, is invent more space. He points to the
diagram. "That’s all the room there is. Whatever you do, the solution has to fit."

He pulls out another sketch to show what goes on inside the vacuum chambers.The X-rays that
emerge from the synchrotron have to be focused and tuned. This means channeling them
between two extremely pure silicon crystals.

The crystals are mounted across from each other, like long parallel walls. Imagine firing a bul-
let between them at an angle, so that it first ricochets off one side, then rebounds and glances
off the second, emerging on the other end. Shrink everything down to a tiny size, and imagine
bullets coming in a stream of X-ray light, and that’s what happens within the chambers. The
key is to get the silicon crystals perfectly aligned.

This requires motors that can drive them forward and back and tilt them – but it’s worse than
that. "The energy of the beam changes the properties of the first wall, the first silicon crystal,
so that it is no longer exactly parallel to the second one," Christoph says. "That has to be cor-
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Christoph’s drawing shows what happens to
the beam: it leaves the ring (left), enters the
vacuum chamber (square), and bounds off
two silicon crystals (in the circle). Then it

goes on to interact with the sample.

rected for on the other side. This requires motors that can make extremely tiny angular adjust-
ments of the surface. We can precisely control movements down to 0.00002 mm."

The pictures in this book are made of tiny colored dots, so small they can barely be seen.
Imagine a spot at least 10,000 times smaller than that, and that’s how tiny the movements are
that have to be controlled.

We take another tour of the K-fan "optics hutch" for pictures. Leaning against the wall are
pieces of metal housing; a big orange wrench lies on a metal shelf. I notice that the undersides
of the vacuum chambers are decorated by hundreds of bolts. Christoph says they are mounts
for the motors that adjust the silicon crystals and for electrical feed-throughs for all sorts of con-
trol signals.

"Who tightened all of those bolts?" I point.

"Nearly every member of the group tightened the odd couple of bolts but it was certainly
Thomas who did most," Christoph laughs. "So don’t take my picture. Thomas is the one you
should really be photographing."
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What can lower resolution tell you
about the building plans of proteins?

It’s possible to engrave an entire book on the head of a pin, but don’t expect to be able to read
it without a very good microscope. If the words were written at the size of molecules, even an

electron microscope couldn’t resolve them. You can see DNA in the electron microscope; it
looks like a wispy strand, but you’ll never be able to use that instrument to zoom in far enough
to pick out single atoms in proteins.That’s the resolution molecular biologists always shoot for,
because it’s the diameter of a single atom of hydrogen, and this is the level at which the rules
governing life meet those of physics and chemistry. The arrangement of atoms in a molecule
explains how it docks onto another, the chemistry of its interactions, and how it might affect a
cell and organism.

To achieve atomic resolution, you have to turn to the type of powerful X-rays generated at the
Hamburg and Grenoble synchrotrons. But shining X-rays through a sample doesn’t produce
pictures that an eye can understand. The image captured is called a diffraction pattern and it
has to be interpreted by mathematics and software.

The difficulty is that the spots in the pattern are a superimposition of everything in the sam-
ple, like stacking all the letters of this book on top of each other. If the text is very long at all,
it can’t possibly be read.

Imagine, though, that the text were composed of a single letter – line after line of "A"s. Then
even if the letters were printed on top of each other, the stack would be readable. That’s a bit
like what happens in a protein crystal, where molecules are stacked up in tidy, regular rows. But
in a liquid,molecules can be turned in any direction, so the "all-at-once" view creates too much
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information to make sense of. Thus only very low-res-
olution images – the outer shape of the protein, turned
in every direction – can be obtained from proteins in
solutions.

Low-resolution X-ray images are similar in resolution
to what you see in the electron microscope (EM), but
they can be obtained from molecules in solution, rather
than the frozen or fixed form obtained in EM pictures.
An X-ray technique called small-angle scattering takes
you up to a resolution of about 20 Ångstroms. A single
hydrogen atom becomes visible at 1 Ångstrom. So it’s a
very fuzzy picture, but you can see broad shapes, which
can be very useful when you want to look at larger
shapes. Sometimes that’s the best you can do, for exam-
ple, when the molecule you’re studying won’t form
crystals. 

  and  , at the Hamburg
Outstation, think that small-angle scattering can do
much better than that. Recently Dimitri has developed
a computer method called dummy residues modeling
that has sharpened the picture considerably.

Suppose you had a huge collection of magnetic mar-
bles, painted twenty different colors. If you threw them
into a paper bag, they would clump together in a big,
cumbersome mass. By pressing on the outside of the
bag, you could get a general idea of the overall shape
they had taken on. But you couldn’t tell if there were
gaps and tunnels in the middle, and you would have no
idea which color of marble landed where.

Small-angle scattering yields an image quite a bit like
this, where you’re stuck at feeling the outside of the
bag. Researchers obtain a general shape of a protein,
but they can’t see into its interior, and they can’t detect
the positions of the twenty different amino acids – like
the colors of the marbles. Dimitri’s program is designed
to help.

To start, he gives the computer a diffraction pattern
from a real small-angle experiment. He adds what he
knows about the protein: its size, and a complete list of
the single amino acid residues that compose it. The
computer does something like throw marbles – single
residues – into a bag. They clump up randomly. Now
the computer does a virtual experiment. It calculates
the diffraction pattern that this strange, random mole-
cule would make if you examined it in an X-ray beam.

"The pattern from this first attempt will be quite dif-
ferent than what has been produced by the real experi-
ment," Dimitri says. "Then the computer begins to
manipulate the individual residues, moving them
around, like trying out different moves in a game of
chess. It does this in several million rounds, testing to
see which possibility is closest to the real diffraction
pattern."

Dummy residues modeling drops
amino acids into a virtual bag, shakes

them up, and simulates the
diffraction pattern they would

produce. By comparing this to the
real pattern, obtained through

experiments, the computer can come
much closer to describing the real

structure of a protein than other types
of low-resolution models.
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Trial and error will take you closer to something that looks like a protein, rather than a lump
of marbles, but Dimitri can do even better. He feeds the program with basic knowledge about
proteins – for example, the fact that amino acids can’t get too close to each other (marbles have
to be spaced slightly apart), that they occur in a certain order in the protein, and that some mar-
bles prefer to be buried in the interior of the bag. The program uses this to make better and
better pictures, until the virtual diffraction pattern nearly matches the real one. This structural
picture of the molecule is vastly improved over the blurry image that researchers had to be con-
tent with.

The model now looks like a collection of balls – how close is to a real, higher-resolution struc-
ture? Dimitri turns to his screen and calls up a detailed, atomic-level image that researchers
obtained from a protein; it looks like thin, twisted wire.He lays it over the rougher image from
the dummy residues method. The two line up almost perfectly.

Dimitri’s computer models provide one of many solutions to a problem. It’s comparable, per-
haps, to trying to solve a chess problem – on an immense board, with a million pieces. Suppose
that such a game has been going on for decades, and that the history of moves leading up to
this point has been lost. A computer asked to reconstruct the game might propose hundreds of
different game plans to get you there. It still doesn’t tell which color each marble is – which
amino acid can be found in which position. But the program has given an accurate picture of
the architecture of the protein that may be useful.

"This can be done with small or very large molecules that can’t be crystallized," Dimitri says.
"And very often researchers can only get crystals of small pieces of molecules or complexes, and
this type of picture can provide a general scaffold on which that more detailed information can
be hung."

In other cases, researchers have to remove segments of proteins to get them to crystallize. These
pieces are then missing when the high-resolution picture is finished. Small-angle scattering,
combined with Dimitri’s method, can show scientists how the segments ought to fit in. It’s like
knowing where all the marbles are in the bag – save a few, or even quite a few, say a half. The
program can now figure out the probable configuration of the missing fragments.

This method recently allowed Dimitri and his colleagues to fill in a number of missing bits and
pieces in protein structures. It’s also giving them new information about how proteins lock onto
each other in large, complex assemblies. Recently, for example, they examined how the largest
human protein, called titin, links to other molecules to help form piston-like structures in our
muscles.

Can the approach be taken even farther, or will it soon butt its head against a theoretical wall?
"Small-angle scattering applied to biological molecules has very few limitations," Dimitri
smiles. "I have personally measured very small proteins and huge complexes 12,000 times that
size. You could say that the entire cell is the limit."

Previous ways of determining structures at low resolutions have included the envelope method,
yielding basic contours (green), or the bead modeling method, giving clearer outer shapes but no
interior detail (yellow).Dummy residues modeling reveals features inside the molecule (blue).The red
line reveals the true high-resolution shape of the molecule - here a protein called the lysozyme.
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How do protein domains link to
several partners at once?

Two years ago, Geoff Barton of the EBI summarized his hopes for the European
Macromolecular Structures Database at a press conference in London. The European

Union had just announced major new funding to support the EMSD and other EBI resources.
"This is so important because molecular structures are the link between genomes and drug dis-
covery," he said.

How does a drug work? Often its active ingredient functions like a three-dimensional puzzle
piece. This usually fits neatly into a gap on one of the cell’s molecules, thereby triggering a
chemical reaction or shutting one down. It may also simply plug into a space so that something
else – something dangerous – won’t fit there.

So a structural picture of how molecules fit together is vital to understanding the function of
drugs and designing new ones. The gallery of known structures is growing fast compared to a
few years ago. Yet it still lags far behind other types of information, such as new gene and pro-
tein sequences. And farthest back in the race are structural pictures of the large complexes –
sometimes containing up to a hundred components – that actually get things done in cells.

Researchers such as  , Head of the Hamburg Outstation, and
 , group leader in Heidelberg, are combining approaches to try to get a jump
on this problem. Matthias’ group works on proteins in crystal form; Michael uses a technique
called nuclear magnetic resonance (NMR) to study molecules in solutions. Their groups recent-
ly teamed up to investigate an important machinery that directs molecules into a celllular com-
partment.

=;
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The project marks an anniversary, Matthias says. A decade ago, Matti Saraste's group got a look
at the structure of an extremely common protein subunit. They attained a high-resolution snap-
shot of a module called an SH3 domain, bound to another molecule. Now Matthias and
Michael have returned to the SH3 domain, this time showing how the domain serves as a dock-
ing module for two other proteins.

SH3s are among the most common motifs in human proteins – researchers estimate that there
are about 500 of them encoded in the human genome. This means that they are found as
building blocks of a wide variety of different proteins, very often molecules which are involved
in transmitting signals through the cell. SH3s often function as docking modules, linking
proteins that have to establish contact in order to transmit signals that tell cells to divide or
differentiate. 

"Those are crucial signals in the development of diseases and cancers," Matthias says, "so phar-
maceutical companies have looked at SH3 domains as targets for drugs. Compounds have been
developed that lock onto SH3s and may prevent cells from proliferating."

When you set out to develop a drug, however, the fact that SH3s are found in so many differ-
ent proteins becomes a problem. A drug has to hit a target both very powerfully and very pre-
cisely. It should fix a problem without disturbing molecules that are behaving properly. If there
are two hundred different proteins with SH3s floating around, the chances are high that a drug
will affect the wrong one. Especially since the region of an SH3 that other proteins – or drugs
– usually hitch onto is small, and rather generic. 

Matthias and Michael tackled an SH3 domain that seemed to have special features. "In the first
place, two different molecules can dock onto it," Matthias says. "The question is whether they
use the same surface of the SH3 to bind. Do they bind separately, or at the same time?"

This particular SH3 occurs in a protein that is mounted on the outside of a cellular subcom-
partment called a peroxisome. This organelle is partly responsible for working on lipids, one of
the chief components of membranes. The SH3 domain lies exposed on the surface of the per-
oxisome, where it is thought to help interpret messages by establishing contacts with other mol-
ecules. In this case, the SH3 prepares molecular cargoes to be drawn into the compartment. 

Scenes from the NMR room
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The researchers set out to define what parts of the SH3 surface were being used to lock onto
the two partner proteins, called Pex5p and Pex14p. "Normally proteins that bind to SH3s con-
tain a particular code. Pex14p has it, and Pex5p doesn’t," Matthias says. 

This was a good hint that the two proteins might bind to different parts of the SH3.
Combining X-rays and NMR showed the researchers that this was the case: Pex5p latches onto
a surface on the opposite side of the SH3 from the normal site, where Pex14p takes hold. 

Now it was time to take a close look at the two binding surfaces. Matthias’ team examined the
SH3 domain without anything locked onto it. Then NMR was used to zoom in on the specif-
ic regions where Pex5p and Pex14p bind. They showed that important changes occur in the
SH3 surface when it comes into contact with the other partners.

What difference does it make whether Pex5p, Pex14p, or both are mounted on the SH3
domain? The researchers performed several mutation experiments changing tiny bits of the
binding surfaces, trying to measure the effects that this might have on the cell. 

"The molecule that the SH3 belongs to interprets signals that tell the cell to move proteins into
the peroxisome," Matthias says. "It receives those signals via two routes. If you prevent Pex5p
from binding to the SH3, you deafen the molecule to one of those signals. If you prevent
Pex14p from binding, the molecule can’t hear either one."

Admittedly, he says, it’s a detail among the mountains of structural work that remain to be
done. But it points to a more general principle: the fact that an SH3 can use a second, com-
pletely independent "surface patch" to capture other molecules. "New methods are showing us
that the number of ways proteins can bind is much higher than we used to estimate," Matthias
says, "and SH3s are so common that it’s crucial to understand how they work. They may be
more important partners in creating complexes than we have thought. We don’t yet know if this
is because the typical binding site is used by more molecules, or if it’s due to the presence of
more sites than we used to think. But this type of study may show us that there are several ways
to get a grip on an SH3, using different parts of its surface, and that may well help us to create
drugs that target specific molecules."
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How do proteins form amyloid fibers?

Twenty years ago, an American scientist named George Glenner linked Alzheimer’s Disease
to stringy clumps of molecules that form between brain cells. An analysis of these amyloid

fibers showed that they are parts of cellular proteins that are normally harmless but suddenly,
for some reason, draw together in clumps that won’t dissolve. They become obstacles to com-
munication between brain cells, disrupting the function of the brain, often leading to death.

Such fibers have now been linked to several other diseases, including BSE and a form of dia-
betes. "Deposits can develop out of many different types of proteins," says  , coor-
dinator of the Structural and Computational Biology Programme inHeidelberg. "What’s inter-
esting is that there is no apparent similarity in the sequence or structure of the proteins that
form amyloids."

In fact, even proteins with no known connection to disease will form amyloids under certain
conditions in the test tube. "This implies that fibers are a very stable form for proteins to
assume," Luis says. "It also means that there must be mechanisms that keep them from doing
this under normal conditions in cells."

So amyloid fibrils may have something to say about the fundamental nature of proteins and the
dynamic process by which they fold into complex shapes, and Luis and his team are taking on
these questions in several ways.

The researchers have been using a small protein called the alpha-spectrin SH3 domain as a
model to study protein folding and design. The SH3 domain of another protein, PI3, shares
strong similarities to this molecule, both in its sequence and the way it folds, but there is an
important difference.While you can make the PI3 version form amyloid fibers very easily, spec-
trin never does.
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There is only one real contrast in the structure
of the two proteins – the length of one partic-
ular loop. Spectrin has a short loop; PI3’s is
longer, containing fifteen additional amino
acids. This might make all the difference, the
scientists reasoned, so postdoctoral fellow
Salvador Ventura designed a method to find
out whether the loop is the key to fiber forma-
tion. He created two artificial molecules: a PI3
containing the shorter loop found in spectrin,
and a version of spectrin containing the longer
form.

The changes might make spectrin form fibers,
they thought, and PI3 might stop. However,
that isn’t what happens. Spectrin aggregates in
clumpy deposits, but they don’t assume the
long, elegant shapes found in amyloid fibers.
PI3, on the other hand, continues to make
fibers. Therefore, the difference isn’t simply in
the loop.

Luis and his colleagues decided to tackle the
problem from another direction. “The best
way to figure out the recipe for amyloids,”
Manuela Lopez de la Paz says, “is to try to
make some with a very simple model in the test
tube. Natural amyloid proteins are hard to
work with, which is why we are falling back on
artificial molecules we have made that closely
parallel what happens in cells.

A few years ago, Luis’ lab made the first artifi-
cially-designed beta sheets – small protein
structures that are the most basic components
of amyloid fibers. If these small structures snap
together in long rows, they can form fibers.
Emmanuel Lacroix, a PhD student, developed
a computer program that now has been used to
design "optimized" sequences – these should
string up in beta sheets in the way that amyloid
fibrils are thought to form. "We figured that if
we could create a molecule able to form good,
long sheets, it would probably also form
fibers," Manuela says.

"The amyloid deposits that arise in conditions
like Alzheimer’s disease are made of long fibrils
with a highly regular beta-sheet structure," Luis
says. "But beta-sheets can also collect in less-
organised aggregated structures, such as the
forms we’d observed in our experiments on
spectrin."

The molecules they designed did, in fact, have
a strong tendency to form polymeric beta-sheet
structures, Manuela says. However, this does
not guarantee amyloid formation, since other
kinds of protein aggregates also consist of beta-
sheets.
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Which form the molecules assume can only be established by studying them under the electron
microscope. Measurements taken using this method demonstrated that the molecules designed
bz the group made amyloid fibers just like those found in amyloid diseases.  
took measurements that, together with techniques called X-ray diffraction and infrared spec-
troscopy, helped the researchers to understand the organisation of the polymeric beta-sheets
within the fibrils. "Combining these techniques has allowed us to propose a structural model
of how our beta-sheets pack in the fibril," Manuela says.

That’s critical if you want to understand how mutations – for example, in genes that have been
connected to inheritable forms of Alzheimer’s disease – change proteins so that they will form
amyloids in organisms. And if you want to design a therapy to stop or inhibit their formation,
you need to understand the driving forces that lead these structures to form. Putting the idea
of energy balance into the recipe for fibers can explain many things. Just as mutations can cre-
ate highly structured fibers, other changes can prevent them.

The walls outside Andy’s office are decorated with stark, black-and-white images that resemble
stems of fossil plants, impressed in stone. After a moment you realise you’re seeing at the world
as revealed by an electron microscope. What look like stems are long chains of molecules. Some
of the pictures reveal long, stalk-like objects; others are jumbled or broken.

A fiber is a highly regular structure consisting of many sheets, stacked in sandwiches. Fitting
the layers together requires careful negotiations as the molecules look each other over, line up
and lock on. The connections are like delicate teeth of a zipper. If you use too much force in
zipping it up, something will bend or break, and the structure will get twisted out of shape. This
process competes with less-orderly aggregation, like the one produced when boiling an egg. Is
the energy balance between these two processes what tips the balance, determining whether a
protein can be dissolved, whether it forms disorderly clumps or whether it becomes fibrils?

Left page: Not all beta-sheet structures form the long, elegant - and deadly - fibrils that lead to diseases such as
Alzheimer’s. Under some conditions they form disorganized clumps. One key, Luis Serrano says, is whether the
molecule achieves an energy equilibrium.
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These events are controlled by the same types of energies that lead proteins to fold in the first
place. 

One of the most interesting results obtained by Luis' team is that even very short stretches –
even as few as five amino acids – can lead to the formation of toxic amyloid fibrils and turn a
normally soluble protein into one that forms fibrils. Thus nature should select against these
sequences, by keeping them locked inside a globular protein, or surrounding them by residues
that break tendency to form fibrils. Thus keeping proteins functional and soluble requires a
careful design and selection of key residues at certain positions. Mutations that destabilise a
protein and expose amyloid regions on the surface, or convert a safe sequence into an amy-
loidogenic one, could trigger human diseases.

Cellular proteins are much larger and much more complex than the researcher’s artificial con-
structs. "But everything we learn about the rules can be plugged into tools that help us predict
what parts of proteins are likely to form fibers," Luis says. "Since so many molecules are able
to do this, fighting amyloid diseases will depend on answering these questions."

Electron microscope measurements made by Andy
Hoenger’s group have permitted Luis Serrano and his
colleagues to get a precise picture of how the small artificial
molecules they made fold and zip into beta sheets and then
into amyloid fibrils. These protein aggregates are
responsible for Alzheimer’s and other diseases.

EMBL_engl_001-159  04.06.2003  13:53 Uhr  Seite 104



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 105EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 105



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 106

Janet Thornton and Robert Steward

54:

        

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 106



54;

Can you spot a beta sheet 
in a sequence?

If you could zoom in on one of the amyloid fibers in Andy Hoenger’s electron microscope pic-
tures, far enough to see the details of single molecules, you’d find that they are composed of

sandwiched layers of small protein structures called beta sheets. Each of these is made up of
thread-like strands of amino acids, zipped up next to each other in rows.

Luis Serrano’s synthetic beta sheets and amyloid fibers are helping scientists understand protein
folding and fiber formation. But it still isn’t possible with complete accuracy to read a protein’s
sequence of amino acids and predict which ones will form beta sheets.  , who
heads the EBI, would like to find a way to do this.

Current methods let scientists predict 75% of the small sub-structures that sequences will form,
but this works best with proteins that are closely related to well-studied molecules. It is much
harder to make predictions about proteins which have no clear relatives. And a significant pro-
portion of the new molecules that are being discovered in genome projects are newcomers. A
method that could make reliable predictions about their structures would be a fast-track to
understanding key aspects of their functions.

Beta sheets are strands within proteins that form flat sheets by zipping up to each other. The
teeth that intermesh are amino acids, and chemical interactions are the zipper that pulls them
together. Researchers hope to be able to spot which parts of a protein sequence fold into beta
sheets, but this will mean being able to see which sequences far apart from each other will inter-
mesh rather than do something else.
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The other very common, small protein structure is called an alpha helix, which has a shape like
a coiled spring. Because the amino acids that pull them into tight spirals are right next to each
other, they are relatively easy to spot in a sequence.

Several methods have been tried to highlight the more remote interactions that lead to beta
sheets. A common approach has been to study pairs of amino acids – like simply counting the
types of teeth that mesh in existing beta sheets. Some pairs occur often; others more rarely, and
yet others never occur. The computer marches through a sequence trying to find stretches of
pairs that fit.

Janet and her colleague Robert Steward decided to revisit this old problem but incorporate the
massive amounts of new data at their disposal. The "Information theory" approach they chose
has been successfully applied to complex problems in fields ranging from communication net-
works to codebreaking.

"The goal is to evaluate the ‘information content’ of an element in a pattern," Janet says. "In
this case, each amino acid in a sequence receives a score. Its information content is a number:
the probability that it will lie across from a particular sequence in a beta sheet."

Making a scorecard required a lot of patterns; the researchers were able to draw on a great deal
of protein sequence and structure information from the EBI’s databases, including information
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about atypical proteins. The computer assigned values to amino acids and then it was time to
try a very simple experiment: could the program zip two existing strands into their correct beta-
sheet conformation? Janet and Robert made things even simpler: they asked the computer to
find the register with which the strands fitted together – from ten wrong conformations either
side of the correct register. 

Information theory comes a bit closer than other methods, Janet says, which means it can be
integrated into protein-analysis software. "The primary advantage, as opposed to other
approaches such as ‘neural networks,’ is that we can analyze how the computer makes predic-
tions and we can trace the factors that influence the accuracy."

To picture what was happening, imagine that a fully-assembled puzzle is partially taken apart
so that long strips, running from top to bottom, are left intact. The trick is now to fit two
neighboring strips back together. The computer has to find the best match.

The "tabs" and "holes" in the puzzle pieces are like the ability of two amino acids to link up to
each other. Obviously two tabs on opposing sides can’t link, and two holes don’t fit, either. But
in chemistry, there are other possible arrangements where things aren’t quite as clear, and the
computer can’t resolve the problem with a hundred percent accuracy. "The predictions obtained
are significantly better than random," Janet says, "but we still have some way to go.

The computer method used by Janet
Thornton’s group attempts to predict

how protein structures making up
beta strands fit into larger beta

sheets. Using information theory,
each amino acid is assigned a score,

and the computer compares different
versions of linked parallel strands to

find the best overall score.

EMBL_engl_001-159  04.06.2003  13:53 Uhr  Seite 109



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 110

Figure legend

554

      

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 110



How do defective molecules 
cause disease?

Janet  Thornton’s work extends from detailed problems of protein structure up to much more
general problems like how to represent chains of molecular interactions in databases.

Recently Robert Steward, Roman Laskowski and other members of her research group took a
look at how mutations lead to disease.

Most mutations are harmless – each of us has thousands of them. But sometimes they damage
cells and organisms. Usually this is because they affect a gene and either destroy a protein or
significantly change its behavior.

"Estimates say that every human gene has on average four variations that occur in at least one
per cent of the population," Robert says. "Half of these affect proteins, and a proportion of
those cause disease. We wanted to get the big picture of why that happens, so we tried to see
what kinds of effects disease-causing mutations have on protein structure."

The researchers focused on 63 proteins for which there was solid structural information or for
which such information could be inferred from a very similar protein. They ran through a cat-
alog of 1300 single mutations in these molecules with known links to disease.

Over half of the changes occur on the exposed surface of the molecule; this is likely to affect a
protein’s ability to bind to other molecules. "Many of these mutation sites are experimentally
proven to be involved in interactions between proteins," Robert says, "and it’s a good guess that
many more have a similar function."

555
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The defects may, for example, prevent a protein from linking up with a molecule it needs to
activate, cut, or modify in some other way.They may also keep proteins from binding toDNA.

Another type of mutation seems to affect the basic architecture of the protein, which can also
have a dramatic influence on its activity. "You may have a tightly-organized structure built
around a very compact core," Robert says. "Suppose that amutation replaces a small amino acid
in the center with a very large one.This can cause big shifts in the position of everything around
it."

Even small changes may shift a protein’s structure just enough to keep its parts from interact-
ing in the right way; single mutations have been found to disrupt the "on-off" switch in sig-
naling molecules, for example, leading to cancer. Other changes disrupt a protein by destabi-
lizing it. The interior of the cell, where proteins operate, is a liquid environment. Some of the
amino acids which make up the molecules are hydrophilic, which means they interact happily
with water; others are hydrophobic – they twist and turn to try to avoid contact with water. A
protein is most stable when its hydrophobic amino acids are knotted up in its interior, protect-
ed from water. If this isn’t the case, it is usually unstable, and the molecule will be dynamic and
not be able to function correctly.

A large proportion of mutations probably affect proteins because of their effects on the inter-
nal structure or stability of the molecule, but these are more difficult to predict reliably. It’s an
area where more effort needs to be invested, Janet says.

At the molecular level, there is a direct connection between a molecule’s physics and its behav-
ior. Explaining the effect of mutations in many diseases requires information about its conse-
quences on the structure and function of a protein. "You’d like to be able to read one from the
other," Janet says. "We can’t do that yet. But this type of work is helping us build a catalog of
the effects mutations have on proteins, so that we can come much closer to predicting them."

the EBI
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Janet Thornton and her colleagues have
worked extensively to understand how
mutations in genes affect the building
plans of proteins and lead to disease.
Left: mutations in TTR leads to the
formation of amyloid fibrils. (Sebastiao
et al. JBC 273, p. 24715-24722)

Below: A mutation in the tumor
suppressor gene p53 prevents proteins
from binding to DNA, leading to a
varietz of cancers. (Cho et al. Science
265, p. 346-355)
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How intelligent can databases become?

In 2001, a technician loaded a sample of mouse DNA into a sequencing machine at the
Sanger Institute, one of the world’s largest centers for high-throughput DNA sequencing and

a neighbor to EMBL’s European Bioinformatics Institute in Hinxton. A machine in the next
row was working on a sample from the zebrafish, and farther down the line, things were being
set up to analyze DNA from a pathogenic bacteria. As each bit of code was determined, it was
automatically fed into databases over at the EBI, where programs mulled it over, looking for
patterns.

Any of these sequences is a potential breakthrough for a piece of research somewhere in the
world, and in this case it was the mouse sequence. As it entered the Ensembl database of the
mouse genome, a gene was discovered. It could even be given a name, RXF5, based on its close
similarity to a molecule already identified in humans. The gene encodes a protein known to
many researchers because a mutant form of RXF5 has been linked to a severe immune defi-
ciency disease.

In fact, this was the second version of RXF5 that had been found in the mouse. A single gene
in one species is often found twice or more in another organism; over the course of evolution,
multiple copies commonly accumulate and are erased again.

Potentially, the existence of a second RXF5 has important biological implications. Researchers
had been trying to delete the first version from mice, hoping to create a mouse model of the
disease. So far, however, their efforts had been unsuccessful. Now they might know why: the
second form of RXF5 might be stepping in and assuming the functions of the first. Given the
new information, the researchers can try to delete both versions, and this might give them a
handle on the disease and a way of probing possible treatments.

In the past, discoveries like this one stood a great chance of going undetected. It has taken an
immense effort on the part of bioinformaticists to design intelligent algorithms that can detect
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genes and annotate them with information that will be helpful to other researchers. Until the
advent of comprehensive public databases of genes and proteins, it probably would have gone
lost in some private collection of data. Once that problem had been solved, there was no guar-
antee that it wouldn’t simply be lost among mountains of other sequences. Thanks to years of
work on the part of people like  , Associate Director of the EBI, that is much
less likely to happen. 

How intelligent can algorithms and databases become? By drawing parallels between genes in
different species, and by searching the data for patterns, they can already propose potential
functions for many of the sequences that have turned up in genome projects. They can create
virtual transcriptions of genes into RNAs and translate these molecules into proteins. The
resulting molecules can be compared to information in other databases, such as analyses of tis-
sue taken from cancer patients, in search of even more patterns.

New technologies are both expanding the possibilities and putting new demands on biological
data. DNA chips and mass spectrometry and new methods to observe protein complexes are
revealing just how complex things in the cell really are: populations of proteins and other mol-
ecules continually change, shift their affinities for each other, join new complexes and change
functions. Signals trigger reactions on the part of hundreds of genes. Trying to follow the myr-
iad chemical reactions that make up a single cellular process generates a labyrinthine encyclo-
pedia of interactions.

Ordering data into a process view of life will require the creation of new types of information
and an intensive integration between them, efforts which are already well underway at the EBI.
"With the recent addition of primary databases, like ArrayExpress, and secondary information

Graham Cameron

EMBL_engl_001-159  04.06.2003  13:55 Uhr  Seite 116



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 117

117

resources like InterPro, we feel that we are getting the proper pieces in place," Graham Cameron
says. "By putting them alongside the mainstays of our EBI databases, like EMBL Bank and
SWISS-PROT, Ensembl, and the Macromolecular Structures database, we really are moving
towards the one-stop shop for biological information."

One example of interactivity is the merger of teams developing and maintaining the EBI’s DNA
and protein sequences databases. These include the EMBL Nucleotide Sequence Database,
which now contains 20 million records – 28 billion bases of DNA sequences. Five years ago, it
was 2 million records and 1.4 billion nucleotides. Over the last 20 years, constant improve-
ments in sequencing technology and methods, combined with an increasing push to acquire
sequences and complete the genomes of humans and many other species, means that the size
of the DNA database has doubled at a regular pace – a continuous, ever-accelerating process. 

"The EMBL database plays a key role in the acquisition, management, exchange, and public
distribution of genome data," says  , who has overseen the database during
much of this dramatic period of growth. "We now include over 1000 complete genomes. Over
recent years we not only managed to adapt to the exponentially growing amount of data, but
also to new types of data and to new ways they are produced and collected. New developments
were required to accommodate the ‘whole genome shotgun’ approach used now by the major
sequencing centres to establish large genome sequences very quickly. Another issue has been the
representation and integration of  individual gene sequences that already exist in the database
into new complete genome sequences. We’ve now created a new category of database entry to
deal with that."
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Ensembl was created by EMBL and the Sanger Institute specifically to handle the genomes of
complex eukaryotic organisms, from flies to humans. It is managed by a growing staff (now
totalling 40) and draws on information from the EMBL nucleotide sequence database. The
Ensembl team has been heavily involved in assembling these genomes and developing tools to
annotate the entries automatically, for example by drawing parallels between human and mouse
genes, or those of flies and mosquitoes. It is heavily linked to the other EBI resources and
recently has been complemented by the Genome Knowledge Base, an effort by  
and Lincoln Stein of Cold Spring Harbor Laboratory (New York). 

"When scientists talk about the cell," Ewan says, "they say things like, ‘Once this molecule
recruits its partner kinase, the resulting complex switches on a number of other target genes.’ It
is a process view, in contrast to the gene-centric or protein-centric view of most databases." In
the age of DNA chips, an experiment might produce a list of hundreds of genes that a scientist
needs to look up. "You might find that twenty of those genes are part of a very common bio-
logical process," Ewan says. "But if you can’t spot that easily in the database, you might over-
look them as unconnected single genes."

Protein data – including information about molecules’ sequences and functions –  have their
home in SWISS-PROT, a collaboration between EMBL and the Swiss Institute of
Bioinformatics. At the beginning of 2003, SWISS-PROT contained information about the
sequences and functions of 121,000 proteins from over 7,000 organisms. This information had
been derived from over 100,000 references to the scientific literature – carefully annotated by
hand, which accounts for the extremely high quality of the data. 
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The time and care that goes into each SWISS-PROT
entry makes this collection one of the most respected
and widely-used resources in biology. Since manual
annotations can’t keep up with the pace of gene dis-
covery, in 1996 the EBI created a complementary
database called TrEMBL; this resource would use
automatic curation to create SWISS-PROT-style
records for "translated" gene sequences in the EMBL
database. It now contains 720,000 entries, a five-fold
increase over the past five years. 

In September 2002 the EBI received a major grant
from the NIH to develop SWISS-PROT and
TrEMBL, in conjunction with an American database
called PIR, into a unified resource called UniProt. The
combination will further centralize protein resources,
speeding up searches and reducing redundancy. It also
plans to integrate information from databases of pro-
tein structures.

  has overseen SWISS-PROT and
TrEMBL from the EBI side, and over the past two
years he has taken on a new project called InterPro.
"This links several resources which seek to identify
distant relationships between newly-discovered
sequences and to use the results to predict protein
functions," he says. "This information is maintained
in several different databases which have their own
strengths and limitations. InterPro is an integrated
resource for protein families, domains, and function-
al sites. It allows researchers to classify and character-
ize the sequences of proteins and often leads permits
grouping proteins by functions. It’s a fundamental
component of automatic annotation procedures."

  is in charge of the EBI’s database of pro-
tein structure information, the E-MSD. This data is
crucial to understanding the function of molecules –
for example, how mutations disturb the physical
properties of proteins. The collection was launched as
the Protein Data Bank (PDB), a collaborative effort
between groups in the U.S., Europe, and Japan, and
was originally housed at the Brookhaven National
Laboratory in the US. In 1996, EMBL and the
Wellcome Trust launched the E-MSD, which draws
on PDB information, as a pilot project to improve
services to the large community of European structur-
al biologists; additional funding, particularly from the
European Community, has now put it on a firmer
footing. The project has now grown in size and its
website attracts nearly 35,000 hits per day.

These data provide insights into evolution as well as
the roles that proteins play in cells. A molecule’s basic
physical and chemical characteristics are often so
important to its proper function that they are con-
served over huge stretches of evolution. Mutations
may have caused two proteins to diverge radically,
making it impossible to see the relationship on the Günter Stösser, Kim Henrick and Alvis Brazma
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may have caused two proteins to diverge radically, making it impossible to see the relationship
on the basis of their sequences, but their common ancestry can sometimes be determined
through their structures.

Additionally, structural data are crucial to one of the most complex questions in biology today.
Researchers would like to be able to look at a two-dimensional sequence and predict its three-
dimensional form. This is a very basic question; it is also a key to research into themes such as
Alzheimer’s disease, where fragments of proteins accumulate in large fibers that disrupt the
function of the brain. Decoding the grammar of protein folding will also permit scientists to
improve their methods of designing artificial molecules to carry out specific tasks – for exam-
ple, to act as drugs. All of these efforts will depend on collections such as the E-MSD.

This list is only the tip of the iceberg when it comes to EBI tools and resources. There’s
ArrayExpress, managed by  ’s team, which opened its doors to submissions at the
end of 2002 and has rapidly begun to accumulate data. (See the story on page 31.) There are
resources that cover single nucleotide polymorphisms (SNPs) – keeping track of variations that
have been found in gene sequences, which often play a critical role in genetic diseases.

All of the databases and tools are publicly accessible via the Internet, which means that they
depend heavily on web and database designers who have created submission tools and the pro-
grams in the background that make them operate. It’s a lot to keep track of, Graham Cameron
says, and there will always continue to be challenges – both scientific and political. Yet in spite
of everything going on, and the bustling atmosphere as the EBI grows and integrates larger
projects and teams, a sort of calm has descended on the campus.

"There’s a lot to do on the front of integration, and this effort is so crucial that I don’t think
we’ll ever be able to say we really have all the support we could use," Graham says. "But we have
finally reached the point where we do have the necessary pieces in place, and they are working
very, very well."
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How are proteins made so well?

For years,  , who is head of the Grenoble Outstation, has been looking long
and hard at the quality control mechanisms which ensure that a proper protein will be built

from information in RNA molecules.To understand how the process works, his research group
has been amassing structural pictures of the molecules that are involved – like technical dia-
grams of the parts of the machine. As single pieces are revealed, there are sometimes sudden
insights into the processes – similar to having one frame of a film and being able to guess what
happens in the next one.

In order to make a protein, cells first transcribe DNA into messenger RNA (mRNA). Then a
molecular machine called the ribosome docks onto the start of the mRNA to translate it into
protein. It does this by reading the chemical "letters" of mRNA (the nucleotides) as three-letter
"words" called codons. The ribosome’s job is to match each codon with the correct amino acid,
which it then takes and chemically joins to a growing protein chain.

The ribosome needs help to pull off this matchmaking job; for example, it requires adapter
molecules called transfer RNAs (tRNA). Cells have many variants of tRNAs, one for each pos-
sible pairing between a specific codon and a amino acid. tRNAs have two sides: on one end is
a sequence that links to the right codon. At the opposite end is a docking spot for a free amino
acid, drawn from the pool of raw materials in the cell, which gets attached there by enzymes
called aminoacyl-tRNA synthetases. Putting together a new protein requires that the right tRNA,
matching the currently exposed codon, fits into a slot in the ribosome, and then the amino acid
at its other end is transferred to the growing molecule. The used tRNA falls of the ribosome
and is recycled.
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One of the biggest questions about protein synthesis is its amazing accuracy. Estimates say that,
on the average, ribosomes make only one error in every 10,000 amino acids incorporated into
proteins. If this number were higher, the cell could not function: it would make too many inac-
tive or improperly-functioning proteins, and this could be very dangerous for the cell.

High accuracy depends on two steps: first, the right tRNA has to fit the codon in the mRNA.
Stephen Cusack’s group has been working on the second step: making sure the tRNA is loaded
properly at the other end, with the correct amino acid. This is the job of the aminoacyl-tRNA
synthetases. There are twenty of them – one for each amino acid. Each synthetase has to select
only one out of twenty possible amino acids and attach it to the proper tRNA molecule. For
many years, the researchers have been looking at atomic-resolution structures of several differ-
ent aminoacyl-tRNA synthetases bound to their specific amino acids and tRNAs, hoping to
understand why these enzymes make so few errors.

"In fact, several aminoacyl-tRNA synthetases do make initial errors at an unacceptable rate,"
Stephen says. "Occasionally they grab a similar-looking – but wrong – amino acid and load it
onto the tRNA. Amazingly, however, they have evolved a proof-reading mechanism, called edit-
ing, that recognises the error and corrects it. A case in point is the tRNA synthetase that loads
the amino acid leucine, and over the last year we’ve been looking at its editing mechanism."

Stephen draws a diagram to show what happens. Leucyl-tRNA synthetase has a socket specifi-
cally built for leucine – which you can imagine as an electrical plug with three prongs. Another
amino acid, called norvaline (not actually found in proteins, but present in the cell) is very sim-
ilar but has only two prongs. Frequent travellers know that if everything else is the same, you
can insert an electrical plug with two prongs into an outlet with three holes – even when it isn’t
such a good idea – and this is what happens every now and then with the leucyl-tRNA syn-
thetase. Yet the mistake is detected, and Stephen wanted to know how.

Grenoble
Outstation

A theory was put forward many
years ago, but only now are details of
the mechanism emerging. "Basically
the leucyl-tRNA synthetase has
evolved an extra structural compo-
nent (called the editing domain)
with a second amino acid socket
quite separate from the initial sock-
et," Stephen says. "Cunningly, the
socket in this domain is designed to
accept incorrect substrates – that’s the
proper term for the plugs. For exam-
ple, norvaline, which has only two
prongs, will fit there. The correct
three-pronged leucine is too large to
fit. It works like a factory inspector
who looks for products with errors
and throws them out. Substrates that
fit into the second pocket are imme-
diately cut off (hydrolysed) from
whatever they are attached to, thus
removing the error. The correct
amino acid, leucine, is left
untouched because it does not fit in
the scissors."

The situation is actually even more complicated, because editing can be done at two different
steps. Before an amino acid is loaded onto the tRNA, it gets activated by combining with ener-
gy rich ATP. This results in the formation of a temporary molecule called an aminoacyl-adeny-
late which remains tightly bound to the enzyme. In pre-transfer editing, this complex gets
checked in the editing domain and destroyed if there has been a mistake. If it passes inspec-
tion, the synthetase goes on to transfer the amino acid to the tRNA. Now comes the second
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quality-control test: the end of the loaded tRNA is tested in the same editing site (post-transfer
editing). The puzzle has been how the same socket can be used in both steps, because the sub-
strates have different shapes.

To answer this question, Stephen and other members of his group have been trying to obtain a
precise map of the topography of the sockets; they wanted to use X-ray crystallography to cap-
ture a picture of the editing site bound to each of the substrates. "This isn’t easy," Stephen says.
"For instance, if you try and bind norvalyl-adenylate in the editing site so that you can get a
look at it, it will be immediately hydrolysed, and it’s gone. So we collaborated with Morten
Grøtli and Brian Sproat who are both organic chemists and, by the way, EMBL alumni. They
helped us synthesize special, stable versions of the two substrates which stay put in the binding
site."

Last year this permitted them to get an accurate structural picture of the norvalyl-adenylate
compound docked into the editing site of the tRNA synthetase built for leucine. "The features
that we saw suggested a ‘universal model’ for editing," Stephen says. "We believed that sub-
strates are held in the same way during pre- and post-transfer editing, despite their chemical
differences, and that both depend on the same mechanism of hydrolysis."

In synthetase circles this was a bold claim. It needed to be supported by more evidence, and
now Anna Yaremchuk and other members of the group have obtained it. "Last year’s structure
showed for the first time the pre-transfer substrate in the editor," Stephen says. "Now we have
the first-ever structure of the post-transfer substrate in the editing site. As we predicted, it shows
that both substrates can be accommodated in the same site. That’s a remarkable bit of econo-
my which guarantees accurately synthesized proteins."

The picture they have obtained is good enough, Stephen says, that you can start to think of
manipulating the socket: making mutations that change its structure, and thus how it works.
For instance, SusanMartinis’ group at the University ofTexas, who collaborated with Stephen’s
team on this project, has shown that switching a single amino acid in the leucyl-tRNA syn-
thetase can enlarge the socket so that it can now accept leucine – that’s bad, because only
improper amino acids ought to fit. The resulting enzyme is now useless: it edits everything,
both correct and incorrect amino acids, and never loads the tRNA.

Perhaps ultimately more interesting are mutations which do the opposite, letting improper
amino acids slip through and become part of a protein chain.While this would be fatal for cells,
it could make a good tool for biologists. "You could use ‘mutant editors’ to study what prob-
lems arise when proteins are built incorrectly," Stephen says. "You could even use them to inte-
grate entirely new, artificial amino acids into proteins, giving them new properties. It’s an
important future goal for the biotech industry."

Left: interactions (green)
that take place between
norvaline (orange) and the
editor that needs to reject
it when it has become
attached to an aminoacyl-
tRNA synthetase.
Right: a superimposition
of the pre-editing (orange)
and post-editing (black)
interactions to show how
two different conforma-
tions can fit into the same
socket.
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How can you discover functional
relationships between proteins?

Elisa Izaurralde, Matthias Wilm, Daniel Forler and Thomas Köcher (inset)
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As evolution created highly-developed organisms, it also created the incredibly complex,
interwoven networks of biochemical processes that support them. The main actors in most

of these processes are proteins, and usually it takes several different types to get something done.
How molecules cooperate, and how single networks fit into much more complex biochemical
processes in cells and organisms, are key themes in molecular biology. But even discovering the
identity of the molecules that make up complexes has been very difficult in the past. The teams
of   and   are forging ahead with new methods to achieve this
more quickly, and on a larger scale. 

One way to get a handle on protein complexes is to catch molecules when they are attached to
each other and analyze them to establish their identities. This could provide a long list of "dance
partners" that researchers could use to draw up charts of all the networks. But each step has
been a challenge to scientists.

A few years ago an EMBL scientist, Bertrand Séraphin, introduced a greatly-improved method
of extracting protein complexes from yeast cells called Tandem Affinity Purification (TAP).
Bertrand’s idea was to genetically modify a single protein by adding a sticky tag at the end of
its sequence. This tag could be used as a sort of hook able to draw the protein out of cell sam-
ples, bringing along with it any molecules that might be attached to it. When this is done, the
complex is left hanging from a bead, and an enzyme is used to slice it off so that it can be ana-
lyzed. This was a great improvement over previous methods used to isolate proteins, which
often broke complexes apart during the purification process.  

The potential was enormous – it gave researchers a systematic way to analyze large numbers of
proteins. Last year  - and his team at Cellzome, a biotech startup company
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Not a deep-sea diving vehicle - but state-of-the-art mass spectrometry equipment.
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housed in EMBL's technology transfer center, usedTAP to pull hundreds of protein complexes
from yeast cells. Mass spectrometry was used to analyze their sequence and the efforts led to a
huge chart depicting the first truly protein-based functional network for yeast cells.

Recently Matthias Wilm's and Elisa Izaurralde's teams have taken the TAP method an impor-
tant step further. Their improvements mean that the technology can now be used in cells from
more complex organisms, including human cells.

"TAP originally worked very well because in yeast, it is possible to completely replace the native
protein with the tagged one – the protein with the sticky end – by modifying its gene",
Matthias says. "However, in cells from higher developed organisms we do not have the tools
necessary to easily replace the original gene with the modified version. This has meant that in
TAP studies, both proteins were present in the cell competing for their partners. And when
that’s the case, the native protein often has an advantage – it has been optimized through mil-
lions of years of evolution to fit perfectly in place. This makes it better at forming complexes
with the relevant proteins, leaving few partners for the engineered protein, which is the only
version we can extract. This means we won't get an accurate picture."

Daniel Forler, Thomas Köcher and Michaela Rode from the two groups cooperated to found a
way around this. Since there are no fast methods to engineer the gene of a protein in higher
eukaryotic cells they used a recently discovered method called RNAi. This tec blocks nearly all
of the native gene from being transformed into proteins. This leaves the engineered form free
to form complexes with any partners it needs to dock onto to carry out cellular processes.
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They tested the method – now called iTAP – on several complexes whose components are well-
known. The first was the exosome, the complex described in the article on Rob Russell's group
(page 131). Another was the NFX1-p15 complex, molecules which work together to export
RNAs from the cell nucleus, described in the report on Elisa Izaurralde's group (page 127). In
each case iTAP revealed the protein partners known to make up the complexes.

"This proves the principle,"Matthias says. "We are very excited about the prospects of the iTAP
method and fully expect this method to reveal new protein complexes and partners in human,
animal and plant cells. It extends the elegance of the Tandem Affinity Purification method to a
wider range of organisms. The information that we will obtain about complexes will be critical
in many, many different ways - for example, in investigating how drugs work, or how muta-
tions affect interactions between proteins.”
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Can single molecules in one organism
help map complexes in another?

AGerman dictionary contains some amazingly long words. German often combines nouns
into immense compounds, such as "Flughafentransportdienst." In other languages, "airport

shuttle service" is often three or more separate words.

In an analogous way, the functions of single proteins in some organisms may be carried out by
assemblies of separate molecules in others.Over the course of evolution, several genes (and thus
their proteins) in one species may become fused in another; the opposite also happens, as large
genes split into smaller ones. Can this fact be used to understand the building plans of multi-
protein complexes?  ’s group, with the help of  ,  , and
colleagues from Cellzome, have just shown that it can.

"It’s very difficult to get detailed structural information on assemblies of proteins, which are
responsible for most of what happens in cells," Rob says. "Sheer size and complexity put them
beyond the reach of most methods of investigating structures; for example, it’s very hard to get
them to form crystals."

One of biology’s most important tools is to reason by homology – using what we know of one
organism to understand another. While yeast and humans are very different organisms, their
cells are tied by a long evolutionary history, and many of their molecules have retained com-
mon structures and functions.

Recently scientists discovered similarities between a complex of proteins in yeast called an exo-
some (also found in humans and many other species) and a complex in bacteria. The two cel-
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Clockwise from lower left: Electron microscope images of protein complexes like the yeast exosome leave much
to be desired in the quest for detailed structural information. Combining dozens of images permits scientists to
sharpen the picture. This has been done with a complex of PNPases from bacteria (1-2), which are evolution-
arily related to the exosome (3-4). Rob Russell, Bettina Böttcher and colleagues superimposed the two structures
(the “wire-mesh diagram”), trying to solve the riddle of the arrangements of the complex’s subunits (drawing).
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lular machines do comparable jobs: they help break down unwanted RNA molecules. At the
heart of each machine is a tight ring of proteins. But in bacteria, the ring is made of three copies
of a single protein called PNPase; in yeast, it takes ten different molecules to form the structure.

Each PNPase molecule has several subunits, like a long German word. It has two domains
called RPDs. The two RPDs from each PNPase – six in all – link up with each other – like three
dancers joining hands - to form a circle. At first glance, the machine in yeast looks similar,
because it is also built of six RPD subunits. But here the "hands" belong to six different pro-
teins. 

"We have good structural information for the PNPase, and Bettina used electron microscopy
to show that the exosome was similar to it in shape," Rob says. "So we wondered if we could
use it as a map to help us understand the yeast complex. It turns out to be a very tricky ques-
tion."

Suppose you cut an apple pie into six pieces and put them onto plates. Then someone asks you
to put each piece back into the pan, in its exact, original position. You’d be faced with 120 dif-
ferent possible arrangements. This was a bit like the problem that Rob’s team had in trying to
fit the pieces of the exosome into the PNPase pattern. They had a guide – the ring of six PNPase
RPDs. But there’s only one real right way to put an exosome together – the way the cell does
it. Figuring out which RPD belonged to which exosome protein would be as maddening as try-
ing to solve a Rubik’s cube.

Patrick Aloy, a postdoc in Rob’s group, took on the project and decided first to make sure that
yeast and bacterial rings were really that similar. He turned to Bettina Boettcher’s group for help
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and examined exosomes and PNPases under the electron microscope. They enhanced the pic-
tures of the basic shapes of the molecules and compared them to each other. The resemblance
was obvious, but still there was no way to cleanly match one set of RPDs with the other.

The logistical tangle began to yield when the researchers dug deep into their analytical toolbox.
"Each PNPase has two RPD subunits, and there’s evidence to suggest that they have different
functions," Rob says. "Call them ‘left-handed’ and ‘right-handed.’ We very carefully examined
the sequences of the exosome proteins and discovered that they also show signs of handedness."

This meant that each exosome protein could only occupy one of three positions in the ring –
rather than six – but it still left too many different possible conformations. The next trick was
to figure out which groups were most likely to fit next to each other.

"Maybe there’s a difference between sequences that connect RPDs within one PNPase and
those that connect RPDs in different PNPases," Rob says. "If you could find such a difference,
you could use it as a yardstick to find similar features in the exosome." Careful analysis of the
amino acid scheme within the molecules yielded a pattern, and it predicted that really only one
arrangement of exosome subunits would work.

Still, the team had made a lot of assumptions to match the patterns, and Patrick and his col-
leagues were uneasy about drawing conclusions from a single example.They decided to test the
procedure on another structure. "We found another example where a ring is made of single
components in bacteria and more in eukaryotic cells," Patrick says. "In that case we knew how
the pieces fit together. So we tested our pattern-finding method and found that it put all the
pieces in the right places."

"What all of this tells us is that it’s valid to compare complexes in one species to simpler molec-
ular structures in another," Rob says. "We now appreciate that protein complexes play a much
more important role in cells than we thought. As long as there’s no easy way to determine the
architecture of these types of machines, we’ll need to use every available method to obtain struc-
tural information. A battery of techniques can then provide a model faster than you could
obtain it with a single method like X-ray crystallography."
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Can you find protein complexes
in genome data?

DNA chips and other types of microarrays have become engines to churn out hypotheses
that will need to be tested in experiments.   and his colleagues at the

EBI are trying to whittle down those hypotheses by developing clever bioinformatics tools that
separate the wheat from the chaff.

One of Martina Muckenthaler’s experiments might tell you that fifteen genes become active
when you stuff a cell with iron, for example, but they won’t tell you why. It would be interest-
ing to know, for example, that seven of those proteins work together in a complex. But until
recently, the only way to discover that was to go into the cell and find them linked to each other.

Two years ago, Christos and colleagues Anton Enright and Ioannis Iliopoulos wrote a comput-
er program that tried to detect interacting proteins by comparing genomes. They knew of cases
where two or more interacting proteins in one species had become physically fused in another,
over the course of evolution. Two separate genes had become one; now they produced a single
protein, with multiple domains that were permanently attached to each other.

"This has obvious evolutionary advantages," Christos says. "It costs cells energy to produce
separate proteins and then shuttle them together so that they can interact. Doing so involves
several different processes – and you know that the more parts you have in amachine, the more
opportunities there are for something to go wrong. Fusing molecules together avoids such
problems."
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The work – the results – and the means: a computer farm at the Sanger Institute, host of the EBI (right)
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Was fusion a general trend over evolution, and could it be used to make predictions about pro-
tein interactions? The team decided to find out, mapping fusion events across several genomes.
This year they refined the method and focused on the fruitfly genome.

"You need whole genomes to do this type of study," Christos says. "You have to be able to per-
form comparisons of every gene in one organism to every gene in another, to make sure you
have the most closely-related molecules. In the last eight years, hundreds of genomes have been
sequenced, or are close to completion, and that represents a resource from which an immense
amount of information could potentially be drawn."

Ioannis has now refined the procedure in a critical look at fly genes. Drosphila can be a good
proving ground for such methods, he says, because so much is understood about the functions
of its genes and interactions between its proteins.

The recent study compared 13,710 fly protein sequences to the entire genomes of 23 other
species. "We discovered 1,981 genes involved in fusion events," he says. "These represent
18,654 cases of matches to proteins in other genomes."

The researchers wanted to narrow this large number down to the most reliable predictions, so
they applied stringent criteria to filter the results. For example, they required that these proteins
exist as single copies in the genome and that there be no overlap between them, indicating that
they are truly unique proteins. The final list contains the 220 best such candidates.

"It’s an interesting and very informative collection," Christos says. "There are many cases where
the proteins involved have been thoroughly studied and are already known to interact. Finding
them is a control that shows the method is reliable."

Other examples have been studied but are not known to interact; in many of these cases, he
reports, there is a logical connection between the molecules’ activities. They are found in the
same tissues, for example, or they are connected to a common metabolic process.

Finally, in some cases one of the proteins might be known but the function of the other remains
a mystery; these are especially interesting, Christos points out, because they suggest a direct,
testable hypothesis. Since the initial study was performed, some of these interactions have been
proven in experiments.

"And that’s the real goal," Christos says. "DNA chip and other types of whole-genome research
suggest connections between genes. In large and complex eukaryotic organisms like the fly, we’ll
need to be very creative in teasing out functional connections. This type of virtual experiment
can be used to refine hypotheses that will often be straightforward to test."

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 136



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 137

57;

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 137



EMBL_Bild_001-159  02.06.2003  8:21 Uhr  Seite 138

Tommy Nilsson

57<

        

EMBL_engl_001-159  02.06.2003  7:11 Uhr  Seite 138



How can you track a 
very small molecule?

139

Millions of molecules are constantly on the move within each cell of our bodies. It isn’t hard
to track tens of thousands of them, but watching a single one is difficult, almost impos-

sible. Bundles of molecules may be sent on long journeys. Proteins wear out and new copies
have to be synthesized, then shipped to the regions where they need to work. Proteins that float
in the cell membrane, for example, are synthesized deep inside the cell and then carried out-
wards. 

If two proteins were to run a race, usually the quicker one would be the smallest. But like the
tortoise and the hare, the one that takes a lot of rests will be slowest (in this case, the hare). The
really interesting question, says group leader  , is why they slow down, and
when. "Proteins can be slowed because they interact with molecules, membranes or other struc-
tures along the way. It isn’t hard to keep an eye on tens of thousands of them, but watching a
single one has been impossible."

He says it would be greatly helpful if you could track a single protein. You might then see it rest
while folding into a complex with a hundred other molecules, or when it bumps against a mem-
brane, or gets entangled in fibers. Simply measuring the interval between a molecule’s depar-
ture from one location and arrival at another isn’t enough; several of these events may happen
along the way. Additionally, a molecule might need to be worked on – carved down, or paint-
ed with sugars, which means it could be shuttled forward and back a few times before it reach-
es its final destination. Tommy is particularly interested in how proteins move within the Golgi
complex: rows of sac-like membranes where cells do a lot of fine-tuning of molecules.
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Proteins that enter the Golgi start off in
another set of membranes called the ER,
and they may get shuttled back and forth
several times. "It’s been suggested that pro-
teins slow down in the ER because they
are linking up to other molecules that help
them fold properly," Tommy says. "They
may get slowed down again in the Golgi is
because they are being linked up to pro-
tein complexes, perhaps very large ones.
But our current methods of measurement
won’t really permit you to tell the differ-
ence between a single molecule and a col-
lection of hundreds of them."

Many of the methods used to track pro-
teins involve tagging them with markers
that can be seen in a microscope using flu-
orescent light. Tommy and colleagues
Matthias Weiss and Markus Elsner have
now shown that flickers in this light can be
used to take very accurate measurements
of the starts and stops a molecule takes on
its journey through the cell. To work, the
laser has to be finely-tuned and focused to
a tiny spot. It’s so tight that the area may
contain fewer than 30 proteins – a number
you can work with, Tommy says, if you
want to see what a single molecule is real-
ly up to.

The method is called fluorescence correla-
tion spectroscopy, or FCS. "Basically you
focus a fluorescent laser on a very tiny spot
and you measure the emission of light
from this spot – that’s an estimation of the
number of molecules moving in and out
of the area," Tommy says. The laser causes
the fluorescent marker attached to a pro-
tein to flare, and then its fluorescent ener-
gy is lost. If the light flickers, it’s because
proteins are moving in and out of the spot.
But the goal is to measure anomalous
motion (for example, when a protein
pauses at irregular intervals along its route)
– to be able to say that a molecule isn’t
simply floating along with the crowd. It
may be slowing down to interact with a
complex or something else. 

Looking at the flickering signal, Matthias
noted that even though it looks like ran-
dom noise, there seems to be a fractal pat-
tern involved. This means that if you
zoom in on part of the signal, what you see
looks very similar to the pattern of the sig-
nal as a whole. And if you zoom in on a
fraction of the part, once again it looks
similar. (Most people have seen, by now,
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The method called Fluorescence Correlation Microscopy bleaches a spot in a cell and measures the flicker of
light from fluorescent proteins moving in and out of the spot. The effect is not random: researchers discovered
that it creates a fractal pattern. Thus it reveals information about a protein’s speed and its interactions with
other molecules.  

the famous, turtle-shaped "Mandelbrot" images, where the same forms appear no matter how
far you zoom in on the image.) "What Matthias showed is that this fractal quality of the fluo-
rescent signal is a direct measurement of anomalous diffusion," Tommy says. "Anomalous dif-
fusion means that a protein isn’t simply floating along with the crowd. It may be slowing down
to interact with complexes, taking rests for different lengths of time, and we’ll know about it."

To test the idea, the researchers looked at several proteins in the Golgi. "We find that they
exhibit this behavior to different degrees. This has forced us to rethink the Golgi apparatus as
a whole and also the general implications of anomalous diffusion," Tommy says. 

Matthias has followed a growing trend in the Cell Biology and Biophysics Programme – try-
ing to understand such phenomena through computer modelling and simulations. Already
some trends have emerged. When proteins diffuse anomalously, he says, they are much better
at organizing themselves in patterns. And that’s the goal: to link the physical characteristics of
a molecule – such as its speed, and its interactions – to the larger structures that form within
the cell.
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How bright can a red protein be?

Tommy Nilsson’s recent microscopic studies of proteins wouldn’t be possible had it not been
for the discovery of fluorescent proteins. About ten years ago, scientists discovered the mol-

ecule responsible for a jellyfish’s fluorescence and made it into a tag that could be added to pro-
teins in other organisms.These glowing molecules could now be seen directly, under the micro-
scope.

The first color to be added to the palette was green: GFP (for green fluorescent protein). In the
meantime, researchers have created a number of shades, and by attaching a different green to
several molecules, a few different proteins can be watched at the same time. But scientists want-
ed a more dramatic contrast. A vivid, vibrant red would be nice. Another underwater creature
was called upon; in 1999 a group of Russian researchers were able to derive a red fluorescent
protein, called dsRed, from a coral species.

 , who came to EMBL in 2002, wanted to use both colors in his studies of cell
differentiation in yeast. "dsRed sometimes worked as a red marker, but it had drawbacks," he
says. "It wasn’t very bright, but we needed it to be, because yeast cells are so small. Another
thing is that it’s evolutionarily related to GFP, and it actually goes through a ‘green phase’ first.
Red fluorescence develops late – one to two days after the cell produces a tagged molecule.This
is far too long, because yeast cells have a very fast lifecycle – once a cell has divided, it’s only 90
to 180 minutes before it divides again. And there were some structural problems with the pro-
tein: it tends to accumulate in heavy clumps inside cells."

Researchers had faced similar problems on a lower scale several years ago, when they started
working with GFP. They created mutant versions of the molecule to improve its function and
brightness. Michael and his co-workers decided to do a similar thing with dsRed, using a
"molecular evolution" approach.
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The image at left shows a yeast cell
undergoing division. The fluorescent RedStar
marker was fused to a protein on the
centrosome, which plays an important role in
cell division. Using RedStar together with the
green fluorescent protein (here fused to
another type of protein), allows scientists to
use RedStar as an “aging marker” to track the
old centrosomes. The redder a centrosome
appears, the older it is.

"First, we rebuilt the gene from scratch in such a way that yeast could optimally translate it into
proteins," Michael says. "Then we started to work on improving it, using a method to intro-
duce random mutations into the molecule, which yielded a large collection of slightly-mutated
dsRed genes."

From this collection they selected several versions that showed slight improvements in the
brightness of dsRed. Starting with these variants, they then carried out several more rounds of
mutagenesis, using an elaborate combinatorial approach, producing better and better variants
of dsRed. 

In the end they were left with a version of the red protein that is ten to twenty times brighter
than its natural ancestor: RedStar, as Michael christened it. They successfully linked it to pro-
teins in yeast and mammalian cells. "It still has drawbacks not found in GFP," Michael says.
"Proteins labeled with the marker often bind to each other in the cell and get stuck there. But
we have already used it successfully in my group here at EMBL, and in collaboration with my
former colleagues at the Max Planck Institute for Biochemistry in Martinsried."
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How do you hold a molecule
in place?

If you find Par-1 in the index of a biology textbook, it’s probably not referring to golf. It’s the
name of a molecule found in flies, the roundworm, and many other animals. Fruitfly geneti-

cists are perfectly capable of naming genes after golf terminology; they’ve named them after
practically everything else. But in this case, Par-1 stands for partitioning defective gene 1.

 ’s interest in the molecule stems from the fact that it has something to do with
how Drosophila develops. If a fruitfly doesn’t have it, there will be serious defects as cells attempt
to shape themselves into a well-formed embryo.

Par-1 has to move to a specific position in an oocyte, a cell that develops into the fly egg cell.
The protein must find its way to the posterior edge before the egg is fertilized. This is a key
position; putting Par-1 and other specific molecules there helps mark this as the site of the
future abdomen.

For many years Anne’s group has studied one of these molecules, called Oskar (another case of
creative naming, a literary reference toGunther Grass).The researchers want to know what puts
it there, what holds it there, and what keeps it locked up in the form of RNA during delivery.
If the molecule is translated into protein along the way, the fly body plan gets disrupted.

"A number of things made us think that Par-1 might interact with Oskar," Anne says. "First, it
assumes a position in the cell very close to – perhaps identical to – the position that Oskar takes
up. Second, it depends on Oskar to function. Flies without this molecule suffer from the same
types of defects as those in which Oskar isn’t functioning properly."
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A number of recent experiments have given Veit Reichmann and other members of Anne’s
group a fuller model of how Oskar behaves and its connection to Par-1. After showing that Par-
1 needs to be present in the posterior part of the oocyte for the fly to develop normally, Veit
and his colleagues demonstrated that the molecule also has to be present for Oskar to accu-
mulate there. 

oskar mRNA is produced outside the oocyte, in neighboring "nurse" cells that provide the
developing egg with crucial molecules. Once in the oocyte, the mRNA gets carried to the pos-
terior side and anchored there, with the help of a small amount of Oskar that is already pres-
ent in the cell and has been converted into protein. 

Why doesn’t Oskar protein get produced everywhere else? Over the last few years, Anne’s group
has described other molecules that help lock up the RNA molecule, preventing its translation.
One idea about the function of Par-1 was that it might interact with the locking mechanism,
and thus permitting the production of protein. But further work convinced them that it was
doing something very different.

"First, we knew something about the chemical nature of Oskar protein," Veit says. "It can be
phosphorylated – other molecules attach phosphate groups to it. And we’ve found that cells in
which this chemical activity is reduced also have reduced amounts of the protein. The question
is why that might be, and whether Par-1 has anything to do with it."

Two observations started to clear up the questions. First, the researchers discovered that Oskar
protein is by nature very unstable. Under normal conditions in cells, it is taken apart almost as

A molecule called Oskar
helps draw the map of

the body as a fruitfly
develops. Oskar mRNA is
placed in a specific region
in the developing egg cell
before it is used to make

Oskar protein. Anne
Ephrussi’s group

discovered that the
protein Par-1 helps

position the mRNA. First
it stabilizes a small

amount of Oskar protein
at the critical location.
The result is to “glue”

oskar mRNA into place.

Above right: the red
crescent shape marks the

position of Par-1 and
Oskar in the oocyte.
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fast as it is produced. Then they discovered that Par-1 can phosphorylate Oskar, and the result
is that the protein is stabilized. Somehow this prevents it from being broken down.

"This suggests something new about the positioning of oskar RNA," Veit says. "A number of
things have to happen to get RNA to the posterior part of the oocyte and to keep it locked
down until it gets there. When it arrives, the lock is removed, and a small amount of the pro-
tein is produced. It grabs onto more RNA as it arrives, and now the amount of protein needs
to increase fairly dramatically. This could be difficult to accomplish because of the speed at
which the protein is broken down. But Par-1 is also there, and it phosphorylates Oskar, which
makes it much more stable. It’s a feedback loop that then enhances the amount of protein
which can collect in this critical area."

It’s might seem strange that single molecules such as Oskar or Par-1 can have such a profound
influence on the formation of the entire body of an organism. But the fact is that many devel-
opmental processes depend on a precise placement of molecules at specific locations in the cell.
Questions like this often shed light on more general events. And this case is particularly inter-
esting because it involves so many aspects of molecular control, from genes to RNAs to pro-
teins.
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Tudor Fulga and Pernille Rørth
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What directs the migration of cells?

In early stages of the development of theDrosophila egg, a set of sixteen cells sit in an egg cham-
ber. One of these cells (the oocyte) will become an egg, capable of being fertilized. The others

develop into nurse cells, whose job it is to nourish it. At a certain point, a group of eight spe-
cialized border cells detach themselves from the far wall of the egg chamber and begin a journey
toward the oocyte. They navigate their way through the nurse cells, eventually ending up in
their final position, just over the nucleus of the oocyte. Here the border cells will play an essen-
tial role in allowing the mature egg to be fertilized.

Many different types of animal cells need to move to different parts of the organism during
development to carry out special functions.   and her colleagues have been using
Drosophila oogenesis as amodel to understand how cells begin this migratory process, and what
guides them along the way. Last year they identified signaling molecules and receptors (called
PVF1 and PVR) that guide border cells through the egg chamber. They also knew that a mol-
ecule called D-cadherin provided traction between the two different types of cells, allowing
them to get a grip on one another. Now they have discovered the mechanism by which border
cells actually begin this migration.

In order to move, first cells have to free themselves from attachments to their neighbours. PhD
student Tudor Fulga began staining border cells in different ways, searching for a mechanism
that would allow the border cells to break free from their place in the egg chamber. He soon
noticed something that no one had seen before.One of the border cells in the cluster, now ready
to begin its migration, had sent out a long, finger-like protusion, similar to what happens, for
example, when a neuron sends out an axon. The protrusions snaked out into the egg chamber,
between the nurse cells, responding to the PVR signals given by molecules on the surface of the
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nurse cells. The researchers called the protrusions LCEs long cellular extensions (LCEs), and
Tudor set out to figure out how they worked.

"We noticed that the LCEs were very straight," says Tudor, "and looked as if they were under
tension." He also noticed that sometimes the surrounding nurse cells were deformed, as if
something was pulling or pushing on them. "Actin is amolecule known to be form fibers which
act as 'guy lines' to tie cells to each other. Interactions between actin and another molecule
called myosin give muscle cells their ability to contract. We suspected that the actin-myosin
coupling was the basis of the LCE structure, and was providing the cells with the 'muscle
power' to move."

To confirm this, they added very high levels of a molecule that prevents actin from interacting
with myosin. "The LCEs went haywire," says Tudor. "They grew incredibly long, and curved
and twisted through the cell." From this, they surmised that once the LCEs progress far enough
through the nurse cells to achieve a strong enough tension, the actin-myosin mechanism con-
tracts, and the cell moves. "The LCE may be acting here as a 'grapple' by which the cell pulls
itself forward," says Pernille.

"This type of migration is similar to what happens with other types of cells, such as neurons,
or cancer cells, where cells, or cell parts, that are initially stationary are induced to become
mobile." says Pernille. "Neurons, for example, extend long protrusions called axons in order to
establish connections in the brain. Axons must force their way through a matrix of cells, guid-
ed by signals, attaching themselves in very specific locations. The difference is that axons are
stable structures which lack the actin-myosin-based tension and can't contract to move the neu-
ron." Understanding how this happens in Drosophila may provide a better framework for
understanding cell migration in other organisms. It may even help explain the abnormal events
that lead to metastasis of cancer cells. "That's another case where cells (from a tumor) are freed
from a tissue, move through the body, and attach themselves somewhere else."
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The future Drosophila egg (the oocyte) is accompanied by a set of nurse cells in the egg chamber of the
mother. Some of these cells detach themselves from the opposite side of the chamber and set off on a journey
towards the oocyte. The cells extend a structure called an LCE (green) which helps guide them to their final
destination.When proteins called actin and myosin do not interact properly, the LCE goes astray.

What's next for Pernille and her colleagues? "Until now we have only seen border cell migra-
tion in fixed and stained cells – you can't watch them migrate in live egg chambers,” she says.
“However, we've found that Drosophila hemocytes, which migrate into the embryo, use the same
signaling mechanisms. Using confocal microscopy, we'll be able to watch cells migrate in real
time and learn more about how they get from one place to another in the organism." As for
Tudor, he has set out his own LCEs (his CV) and will migrate to his next postdoctoral posi-
tion.
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Alex Stark, Rob Russell, Steve Cohen, and Julius Brennecke
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What connects growth, death,
and development in cells?

Cells in embryos reproduce at an explosive rate; as tissues take on their mature form, this
process has to slow down and finally stop. Death is an integral part of development; cer-

tain types of cells activate a built-in genetic program that tells them to commit suicide. The
process is called apoptosis, and it is tightly coordinated with the mechanisms that control growth
and the creation of patterns in the body. For example, apoptosis is what makes web-like tissue
between an embryo’s fingers disappear to create independent digits.

Many molecules that prompt growth or initiate cell death are known – some, in fact, promote
both processes at the same time. But little is known about the connection between these mech-
anisms and those responsible for patterning. Now Julius Brennecke and other members of
 ’s group, working with Alex Stark and  , have discovered a molecule in
the fly that appears to help coordinate these systems.

For many years Steve and his colleagues have worked on molecules in the fly that provide posi-
tional information within tissues. Proteins such as Wingless are produced by groups of cells at
specific locations, and are then carried through a field of tissue. The amount in which they can
be found at a given location acts as a signal which makes cells behave differently the farther they
are from the source. Cells may receive signals from several sources simultaneously, which leads
to the development of elaborate structures in tissues, such as windowpane-like surfaces and
boundaries in fly wings.

Recently Steve’s group discovered a new gene called bantam that affects tissue growth.They dis-
covered its effects using a technique developed in Pernille Rorth’s group a few years ago.
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Left: studying
developmental defects in
flies without bantam gave
Steve Cohen and his
colleagues important clues
that bantam microRNAs
influence cell growth and
development.
Left fly: bantam -/-;
Right : bantam -/- with
restored bantam gene

Right: These pictures from
developing wing
primordia in Drosophila
larvae showed that
bantam microRNA breaks
a basic connection
between cell division and
cell death. The purple
spots in the images on the
next page mark the nuclei
of cells. Green marks
dying cells.
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Usually genetic information gets transformed into RNA and then into proteins. Bantam, how-
ever, never gets farther than the RNA form. It only has 21 nucleotides – the basic building
blocks that make up DNA and RNA, but this piece can have powerful effects.

Over the past few years, scientists have found hundreds of genes that encode such microRNAs.
Very few of their functions are known, partly because it has been hard to get a handle on the
functions of very small molecules using traditional genetics techniques, according to Steve.
Pernille’s method doesn’t have that limitation, and it has become an essential tool in decipher-
ing the functions of microRNAs like bantam.

Molecules like bantam can disrupt the function of other specific RNAs. Two interesting effects
have been discovered. If another RNA in the cell contains a sequence that precisely matches the

microRNA, it will be broken down. If the sequence is similar but not identical, the messenger
RNAmay not be broken down, but neither will it be translated into protein. It gets put on hold
and may be used later.

Julius wanted to know if bantam is produced in all types of fly cells, and he thought of a clever
way to detect its presence. First, he used a fluorescent protein called GFP to light up all types
of cells, turning them bright green. Then he thought of a way to turn off the lights in cells that
produced bantam microRNA. He simply added a switch – a target sequence that bantam locks
onto. By doing so, it would tell the cell to break up the GFP message before it became trans-
lated into a fluorescent protein. Cells without any bantam wouldn’t be affected. They now had
a bantam sensor.
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It was a nice theory, and if correct, it might make a
powerful tool. In the first place, you could make the
same kind of sensor for other microRNAs. All you
would have to do would be to add the right off-
switch to a fluorescent molecule. Instead of adding a
target sequence for bantam, you would add a target
for another microRNA you were interested in. It
would turn off the signal and darken any cell that
produced the microRNA.

The strategy worked very well for bantam
microRNA; the researchers were able to detect even
minor amounts of activity. The sensor was also
detecting how much bantam was being produced.
They discovered that bantam occurs everywhere in
the wing, but in different amounts in different
places. Intriguingly, when these locations were plot-
ted on amap of the wing, they created a familiar pat-
tern. They looked very similar to another map Steve
and his colleagues had been making – that of the
activity ofWingless. This molecule acts as an impor-
tant signal to build wings as they develop in the fly
larva.

Was there a connection? The bantam sensor mole-
cule provided an answer. When Wingless is abun-
dant, the group found, there is less bantam
microRNA. So like many other genes, bantam seems
to be controlled by a developmental signal. This was
interesting because the researchers already knew that
bantam had something to do with cell division. The
molecule appears in rapidly-dividing wing and brain
cells.

There was a fairly obvious way this might work: any
cellular molecule containing a bantam target
sequence would be blocked by the microRNA.
Suppose, for example, that such a sequence occurred
in amolecule whose function was to inhibit cell divi-
sion. Bantam might break down or repress its RNA
before any protein could be produced, and the brakes
would be off.

What proteins might contain these sequences? Steve’s
group enlisted the help of Alex Stark and Rob
Russell, who scanned the fly genome for bantam tar-
get sequences – which are so small that Rob com-
pares it to looking for a needle in a haystack. Alex
was able to enlist another laboratory organism, the
roundworm, to help sort the hay into smaller piles.
For several years, researchers have used another type
of RNA to disrupt the production of proteins in this
organism, and they have an extensive catalog of data.
The search led Alex and Rob to a gene called hid.

"This RNA has five bantam targets," Rob says. "It’s
very interesting to come across hid in this study,
because it’s a protein connected to both cell division,
and cell death."
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Some of the strong molecular signals that set off cell division also launch cell death.While this
might seem to be contradictory – why create a plethora of new cells only to kill them all? – it
is actually ameasure of control, because unbridled cell replication is so dangerous. Fast cell divi-
sion is usually only allowed to take place in certain tissues, at certain times, and even these cells
would die if active measures weren’t taken to prevent their death.

The researchers found, however, that bantam doesn’t work this way; it promotes division with-
out a safety mechanism. If cells are forced to produce too much of the molecule, there is a rise
in cell division, but apoptosis isn’t triggered. In fact, bantam seems to be suppressing it.

How powerful was it? Could it also stop other molecules that promote cell death? The
researchers got things moving with other molecules known to amplify both processes and then
added bantam. Its presence upsets the balance: it enhances the tendency towards cell division,
and reduces the amount of cell death.

Does bantam actually block the production of Hid protein? The researchers made another sen-
sor. This time they added the target sequences from hid RNA. Once again, Bantam was able to
turn out the lights.

Blocking cell death is not enough to cause growth, so bantammust affect some other factor that
inhibits growth – one that has not yet been identified. So in tissues where bantam microRNA
is produced, hid RNA does not get translated into proteins.This switches off the cell death pro-
moting machinery or another molecule. Since the protein Wingless, which is tied into impor-
tant processes in embryonic development, seems to control bantam, researchers now have their
hands on a link between the replication, development, and death of cells.

Is there also a connection to disease? Any time scientists study amolecule that helps control cell
division, the subject of cancer rears its head. Bantam is particularly suspicious, because tumor
formation usually requires the unusual combination of an increase in replication and reduced
apoptosis. Finding both processes linked in one molecule is intriguing.

The question may be moot, because researchers haven’t yet found a relative of bantam in mam-
mals. However, genes that help to produce microRNAs have been linked to cancer. They may
contribute to the formation of tumors because they are unable to process bantam or a similar
molecule.

From a curious gene that doesn’t create proteins, to a link between cell growth, development,
death, and possibly disease?Would it have been possible to uncover this story a year or two ago,
in another laboratory? Somehow it doesn’t seem likely. Pulling together the threads required
genomics – finding the bantam gene in the first place – along with a new method to study gene
functions, a healthy dose of bioinformatics, a sharp eye for the patterns by which molecules
affect development, and the creativity required to mold new tools such as microRNA sensors.

On the one hand, this might seem like a fairly amazing case of serendipity. But when you talk
to the scientists involved, you immediately sense that there’s a plan. Researchers have a strong
sense of the route ahead, of what needs to be done.
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In what tissues and what types of cells is bantam microRNA produced? The images below show tissues from fly
larvae: brain (A) and wing discs (B, C, D). These patterns helped members of the groups of Steve Cohen and
Rob Russell show that bantam is controlled by signals that guide the development of wings and other tissues.
In turn, this tiny RNA promotes tissue growth and prevents cell death. Coordinating development, cell growth
and death is essential to the proper formation of tissues in a developing organism.

Sometimes you do find the needle.

This is the way basic work in the life sciences is being carried out today. Fundamental processes
such as cell division and differentiation depend on a network of interactions between many
molecules. They can be disrupted in many places, and to find cures to problems like cancer, it
will be essential to understand the entire system. It has become second nature to cross
disciplines, to throw all of the technology at your disposal at a problem, and when that doesn’t
work, to bend existing techniques into new tools. Answers can come from anywhere. In basic
research, serendipity is a way of life.
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TheHeidelberg Forum on the Biosciences and Society was launched
in 2001 by EMBL together with three leading Heidelberg research
institutes (DKFZ, ZMBH and the Medical Faculty of the
Heidelberg University). Its purpose is to promote the public under-
standing of science by means of a series of lectures series given by
leading life scientists.

Gottfried Schatz, President of the Swiss Science and Technology
Council, was invited to give a talk inMay 2002 on the subject of the
questions raised by recent discoveries in genomics and biological
evolution.

In September 2002, the new President of the Max-Planck-
Gesellschaft Peter Gruss gave a public lecture about the controversy
surrounding stem cell research. The following day he gave a talk
directed at the scientific community entitled: “Development and
regulation of the islets of Langerhans.”

Heidelberg Forum on Biosciences and Society

Christiane Nüsslein-Volhard

EMBL/EMBO 3rd joint Conference on Science and Society 2002

Infectious Diseases:
Challenges, Threats and Responsibilities

Paul Farmer, Didier Fassin and Carlos Morel

5:6
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EMBL alumnus and 1995 Nobel PrizeWinner Christiane Nüsslein-
Volhard closed the 2002 series in December with reflections on the
deontology of research of human genetics and embryology, followed
by a scientific talk on the genetic analysis of cell migration in the
zebrafish.

Microorganisms such as parasites, bacte-
ria and viruses are the invisible, mind-

less rulers of the animate world. They evolve,
mutate, combine and periodically find their
way through the defenses of higher organ-
isms with devastating consequences. From an
evolutionary perspective they are ‘the fittest’
and chances are slim that human brainpower
and ingenuity will ever have the better of
them. Apparently one out of three people in
the world may be infected with the bacteri-
um that causes tuberculosis, and HIV strains
can recombine in people with multiple infec-
tions to form new, possibly more virulent,
strains. These scourges cannot be eradicated
under present conditions. The best we can

hope for is a gradual advance in knowledge
and technologies that allow us to slow down,
restrict, or contain the pathogenic onslaught
of particular microorganisms. Such relative
success is of vital importance to humanity, as
infectious diseases remain the greatest causes
of suffering in the world, and alleviating
them calls for a global mobilization of experts
across many professional fields. A precondi-
tion for a concerted action to that end
requires taking stock of the available scientif-
ic know-how and technologies, as well as
uncovering and exposing the causes behind
huge inequalities and imbalances in the
degree to which different populations of the
world are afflicted by infectious diseases.

Peter Gruss

Science and Society Reading Club
Once a month the reading club meets to discuss an article or a book
of interest to the whole of the EMBL community, scientific and
non-scientific staff alike, in a relaxed and informal setting. Examples
of topics covered in the course of last year are: “Hollywood's pro-
motion of science;” “Nature and nurture: an unresolved debate;”
“Debunking the paranormal;” “What motivates misconduct in sci-
ence;” “Selling science to the public;” “A trip to the science muse-
um;” “The impact of terror on science;” “The biology and sociolo-
gy of time;” and “Can GM food save the world from hunger?”

5:7
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The third joint interdisciplinary EMBL/
EMBO science and society conference, dedi-
cated to the interconnected themes of infec-
tious diseases and bioweapons, was held on
8-9 November 2002 at the EMBL.

This conference was organized to help pro-
mote a holistic approach to some of the most
pressing issues of our times. It brought
together more than two hundred life scien-
tists, social scientists and decision-makers to
deliberate and debate on how best to gener-
ate and to make available the scientific and
economic means to protect humanity against
infectious agents.

In a nutshell, the take-home message from
this most stimulating interdisciplinary con-
ference was that the international life science
community must agree to play a more active
role in the development of universally avail-
able instruments of protection by inventing
increasingly effective tools for detection,
diagnosis, and suppression of infectious bio-
logical agents. What molecular biologists
could best contribute to world civilization in
the 21st century is universally accessible and
applicable means to resist infectious agents,
whether they afflict us spontaneously or are
used voluntarily against us as instruments for
mass destruction. As chemists and physicists

The EMBL Science and Society Forum seminars were launched in
1998 as an initiative among members of staff at the institute to pro-
mote awareness of the impact that work within the life sciences is
having on society.

In the year 2002-2003, six speakers were invited to give a talk. Two
of them, for instance, were independent science writers: Hervé This
gave an unusual talk about “Science and cooking,” and Rupert
Sheldrake talked about “The extended mind: recent experimental
evidence.”

We were happy to see that the EBI Outstation in Hinxton, UK is
now also actively experimenting with their own science and society
seminar series, organized by José Pereira-Leal (Postdoc) and
Matthieu Louis (PhD student). The first speaker invited in

Hervé This

EMBL Forum on Sciences and Society

Patricia Kahn, Arachu Castro and Michael Boutros
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before them, biologists have got a historical
mission: to wrestle with a microscopic
Leviathan. 

The entire conference was recorded digitally,
and as a means of disseminating its high-
quality contents to wider audiences, all of the
keynote lectures given over the two confer-
ence days have been burned onto a pair of
DVDs. These are available upon request
through our website, or directly from EMBL
(info@embl.de). Furthermore, a special issue
of EMBO Reports appeared in June 2003,
consecrated to a collection of essays authored
by the participants invited to the conference.

– Halldór Stefánsson 

165

December 2002 was Brian Wynne from Lancaster University. He
delivered a lecture on “The public perception of science.”

In early 2003, Ute Deichmann from the Institute of Genetics in
Cologne gave a seminar about the influence of 1900-1950 politics
in Germany on research. 

Two events were organized as part of the Science and Culture series
jointly sponsored by EMBL and the Deutsch-Amerikanische
Institut. Claude Debru from the Ecole normale supérieure in Paris
gave two talks in March, entitled “Death and Immortality in the
cell” and “History and Philosophy of Biotechnology.” Finally, in
April 2003, Scott Gilbert from Swarthmore College lectured on
“Teaching evolution through development.” His second talk at
EMBL was entitled: “The new revolution in developmental biolo-
gy: expansion and reconciliation.”

Scott Gilbert

Freddy Frischknecht, Laurie Garrett and Robin Weiss

A reaction of one of the participants:

“The conclusions of this conference must
really be made public, by means of mass
media and lectures in public places, and
more importantly, by contacting educa-
tional authorities so they incorporate these
conclusions in what our children learn at
school.”
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If you had the chance to design the ideal
school, chances are you would create some-
thing very much like a modern research lab-
oratory. People arrive in the morning eager to
learn – not things that are already known,
that have been pre-digested by an education-
al system – not to perform exercises. Ideally,
scientists come to work because they still
possess a child-like curiosity about how
things work, about why the world is one way
and not another. Getting answers requires an
intense effort: gathering and synthesizing
information, the skilful use of existing tools,
improvisation, creativity, and the mindset of
a continual learner. That’s the way things
should work in schools.

EMBL is very much a school as well as a
research laboratory. One of our primary mis-
sions is education – encompassing the
International PhD Programme, many practi-
cal courses and workshops in Heidelberg or
at the Outstations, and thousands of scien-
tists who take advantage of the Visitors
Programme every year. Education has an
even broader sense: even most senior staff
work on time-limited contracts, eventually
leaving the Laboratory with a wealth of expe-

rience, exporting an EMBL style of doing
science to their new institutes.

Yet the spectrum of our education activities
has not been complete, because we have not
addressed schools, teachers, and the general
public in a formal way. The school groups
and teachers who visit the laboratory usually
go away with a desire to have done more.

The knowledge gap between laboratory sci-
ence and schools is increasing.Many teachers
have never been in a place such as EMBL –
or if they have, it was long ago. Today’s biol-
ogy is moving so fast that there need to be
new mechanisms to get science into the
schools. EMBL could participate in this
process, and for several years we have been
trying to find the right way to do so.

In 2002 we had a unique chance to obtain
outside support for education activities. The
European Commission was placing a high
priority on science education and had
announced its intent to support new, major
initiatives aimed at teachers and schools.
EMBL and EMBO applied for funding; the
application was successful, and the grant per-
mitted us to launch a new education initia-
tive at the beginning of 2003.

5::

  

High-school teachers and scientists to profit
from new education facility
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The overall project is coordinated by EMBO
and aims to improve teachers’ practical and
theoretical knowledge in modern biology.
The award, which totals 710,000 Euros, is
being used to support three closely-integrat-
ed areas of activity.

EMBO is coordinating a series of nine work-
shops in molecular biology for secondary
school teachers in eight countries. These
started inMay 2003 with the second EMBO
international workshop for biology teachers,
at the EMBL. The event attracted not only
teachers from across Europe, but also teach-
ing experts and media developers from vari-
ous countries.

The grant has permitted EMBL to create a
facility called the European Learning
Laboratory for the Life Sciences (ELLS),
staffed by three education officers.The ELLS
is developing original teaching materials –
based on up-to-date research – that will be
used when we bring in small groups of teach-
ers for regular, hands-on work in the
LearningLAB. Each of these sessions will be
used to train researchers – our own staff or

visitors – to work with teachers. Subsequent-
ly, we will help these scientists set up similar
activities at their own institutions. Creating
such education initiatives within research
laboratories could go a long ways towards
narrowing the gap between the cultures of
science and schools.

Another part of the project is called the
TeachingBASE, which will be an archive of
the teaching resources developed within the
ELLS, by partners, or by contributors.
Finally, we are setting up a network of active,
creative teachers and scientists devoted to the
exchange of ideas and best education prac-
tices called ScienceTALK.

The fact that EMBL and EMBO already
occupy a central position in European life
science networks has encouraged us to try to
fulfil a similar function for European teach-
ers. Creating a successful, meaningful pro-
gram doesn’t require reinventing the wheel;
model programs can be found at Cold Spring
Harbor and elsewhere. Many of their solu-
tions can be adapted to the European educa-
tional landscape.

The first of many teaching kits to
come – “the malaria project” –
went out to 2000 European
schools in conjunction with the
completion of the mosquito and
Plasmodium genomes.
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The ELLS has three main areas of activity:

The LearningLAB is a a dynamic learning
space which offers three-day courses to
teachers. They will get a unique opportunity
to perform hands-on experiments in a real
research laboratory, engage in lively discus-
sions about the impact of scientific advances
on society, learn about the latest scientific
breakthroughs and the best teaching materi-
als, develop their own ideas into new educa-
tional materials and resources; exchange
teaching practices and experiences about
communicating science; get to know some
practicing scientists from their own country,
and receive free teaching kits and multi-
media materials to take home to their class-
rooms.

Participating scientists will get hands-on
experience in communicating about science
to teachers and the general public and the
chance to develop useful education skills.
This will not only make them better com-
municators, but will allow them to think
about their research from a different view-
point. Visitors will also learn how to set up
similar programmes at their home institu-
tion.

The LearningLAB is open to teachers and
scientists from throughout Europe. For a
schedule of events and the chance to register
for one of the practical courses, visit the
ELLS website at www.embl.de/ells.

TeachingBASE is an on-line space where
educators can find top-quality science teach-
ing materials. It gathers existing resources
into a user-friendly, on-line resource.

Teachers can access downloadable materials
such as hands-on experiments (practical
ideas and protocols for classroom experi-
ments), instant lessons (activities that you
can take to your class with minimal prepara-
tion), teaching kits (extensive, multi-media
science materials), the Idea incubator (lists of
interesting and creative projects proposed by
teachers that are open to anyone to develop),
and the Quiz Bank (a pool of challenging
and interesting science quiz questions).

The materials are in a modular format, mak-
ing it easy for teachers to pick and choose
what best suits their students, classes, and
curriculum. Teachers are encouraged to sub-
mit top quality materials to the
TeachingBASE; we will frequently award
prizes for the best new ideas.

ScienceTALK is a network created by teach-
ers and scientists for teachers and scientists.
The network supports all the activities of
ELLS and our partners, such as ongoing
projects through the European Molecular
Biology Organization (EMBO) and EIRO-
Forum’s annual “Science on Stage” event. It
will provide a forum for the exchange of
ideas and expertise. ScienceTALK will be
launched with the first edition of a newslet-
ter which will contain: tips and tricks for
effective science teaching; articles by leading
science educators; announcements about
important educational events taking place
throughout Europe; information about
careers in science; reviews of existing or
upcoming classroom materials, and ideas
about how to promote cross-curricular proj-
ects.
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The seven EIROforum research organizations were showcased at the launch of the EC’s Sixth Framework
Programme in Brussels in November 2002.

EIROforum at the FP6 launch in Brussels
Nearly 9,000 scientists, science administra-
tors and policy makers gathered in Brussels
on November 11-13, 2002, to attend the
Launch Conference for the 6th Framework
Programme of the European Community for
research, technological development and
demonstration activities. While most partic-
ipants came from the member states of the
European Union, candidate countries and
associated states, the meeting was in fact
attended by people from 65 countries,
demonstrating the wide scope and the
importance of the process set in motion to
create the European Research Area (ERA).
Some 50 TV teams and 230 journalists from
the print media covered the event. The
strong media interest bears witness to the fact
that science and technology (and with them,
also education) are playing an increasingly
important and visible role in the public
sphere and that the organization and execu-
tion of research, as well as the exploitation of
scientific results, are assuming importance in
the mainstream political debate.

One of the first tangible results of the ERA
process was the wide-ranging collaboration
between the European Intergovernmental
Research Organizations (CERN, EFDA-
JET, EMBL, ESA, ESO, ESRF, ILL), leading
to the formation of the EIROforum. The
EIROforum has been active for a while and
has already achieved significant, practical

results.The collaboration was formally sealed
during a press event at the conference in
Brussels. On Tuesday, November 12, the
Directors-General of the organizations
signed the EIROforum Charter in the pres-
ence of Philippe Busquin, European
Commissioner for Research, and numerous
journalists. “The establishment of
EIROforum is a concrete example of the
dynamic created by the European Research
Area,” said Busquin in a press statement.
“Europe has unquestioned excellence in sci-
ence. By working together, Europe's leading
research organizations can make that more
visible on the European and world stage.”

The signing of the charter was also marked
by the launch of the EIROforum web site
(www.eiroforum.org) and a brochure
describing the collaboration.

EIROforum maintained a high visibility at
the conference. Representatives of the mem-
ber organizations took part in several round-
table discussions and workshops. The
EIROforum exhibition, 400 square meters
consisting of displays from each organization
and a common stand, attracted many visitors
and provided inspiring surroundings for
many discussions.

– Claus Madsen,
European Southern Observatory
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A number of powerful research infrastructures and laboratories which are used by an extensive
network of scientists have been developed and deployed within Europe by European
Intergovernmental Research Organisations since the early 1950s. These organisations have set
up a coordination and collaboration Council (EIROforum) with their Directors-General or
equivalent as its members.

A primary goal of EIROforum is to play an active and constructive role in promoting the qual-
ity and impact of European Research. In particular the EIROforum Council will be a basis for
effective, high-level interaction and coordination between the member organisations. It will
mobilise its substantial combined expertise in basic research and in the management of large
international infrastructures, facilities and programmes, for the benefit of European research
and development. This will be pursued by exploiting the existing intimate links between the
member organisations and their respective European research communities.

The aims of EIROforum are, in particular, to:

1. Encourage and facilitate discussions among its members on issues of common interest
which are relevant to research and development.

2. Maximise the scientific return and optimise the use of resources and facilities by sharing rel-
evant developments and results, whenever feasible.

3. Coordinate the outreach activities of the organisations, including technology transfer and
public education.

4. Take an active part, in collaboration with other European scientific organisations, in a for-
ward-look at promising and/or developing research directions and priorities, in particular
in relation to new large-scale research infrastructures.

5. Simplify high-level interactions with the European Commission (EC) and other organs of
the European Union, and enable an effective response to specific requests for expert advice
in the areas covered by the member organisations.

6. Provide coordinated representation to the outside world including the general public,
national governments, non-European countries, etc.

The EIROforum Charter

Fotis C. Kafatos and the DGs of the EIROforum organizations answer questions during the press event sur-
rounding the signing of the EIROforum Charter document. From left to right: Hans-Falk Hoffmann (repre-
senting CERN), Antonio Rodotà (ESA), Fotis C. Kafatos (EMBL), Philippe Busquin (European Commis-
sioner for Research), Catherine Cesarsky (ESO).
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Serving European science

The EIROforum research organizations are: the Europen Organization for Nuclear Research (CERN), the
European Fusion Development Agreement (EFDA), the European Molecular Biology Laboratory (EMBL),
the European Space Agency (ESA), the European Southern Observatory (ESO), the European Synchrotron
Radiation Facility (ESRF), and the Institut Laue-Langevin (ILL)

What does the EIROforum do? As world leaders in their respective fields, the seven member
organizations constitute the vanguard of European science, and allow European scientists to
engage in cutting-edge research and be competetive on a global scale. The establishment of the
European Research area aims to address key scientific and social needs including European
competitveness in science and technology, the need for centres of excellence with a critical mass
and for large-scale infrastructures, for international mobility and training of scientists.
EIROforum pools the susbtantial expertise of each member organization in basic research and
in the mangement of large international projects, combining them into a strategy for the wider
benefit of European research and development. These tasks are accomplished through the
activities of topical working groups.

OUTREACH AND EDUCATION. This working group carries out
major, joint educational projects such as 'Physics on Stage,' directed
towards the science teaching community in Europe's primary and sec-
ondary schools, and outreach projects such as 'Life in the Universe' and
'Sci-Tech... Couldn't be without it.' The projects have been part of the
EC’s annual European Science and Technology Week.

HUMAN RESOURCES. This group addresses questions of key
importance to Europe, including all aspects of recruiting and retaining
talent in science and technology, gender equity and diversity and work-
force mobility. These issues have a substantial impact on the function-
ing and efficiency of European research as a whole.

GRID TECHNOLOGIES. The development of Grid technologies is
a critical component of the infrastructure necessary to support 21st-
century scientific research in Europe. This group contributes to the ini-
tiation and development of Grid projects among the member organiza-
tions and across Europe. It also identifies infrastructural needs to for-
mulate strategic priorities and directions for long-term development.

SCIENTIFIC WORKSHOPS. This group organizes joint scientific
conferences covering a wide range of subjects. The cross-disciplinarity
of these conferences stimulates the development of science in general
and serves to identify new common areas of scientific activities for the
members of the EIROforum. The first symposium, ‘Astronomy,
Cosmology and Fundamental Physics,’ took place in March 2002.

INSTRUMENTATION. EIROforum organizations work at the fron-
tiers of instrument research and development, often with common
needs and requirements. This group seeks to share and transfer expert-
ise within EIROforum organizations, to identify common projects, and
to develop a view of future needs and perspectives in instrumentation.
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Stephan Altmann
Celia Antonio
Michel Bagnat
Winfried Barchet
Julie Baron
Attila Becskei
Serge Cohen
Silvia Curado
Valeria De Marco
Laura Doglio
Ines Domgall
Peter Duchek

Anton Enright
Cagla Eroglu
Francisco Fernandez
Patrick Förch
Paolo Filardo
Giovanni Frazzetto
Noemi Fukuhara
Tudor Fulga
Antonio Giraldez
Boyan Garvalov
Manuel Gnida
Clemens Grabher

Valentina Greco
Ilona Grunwald
Andreas Heger
Andrea Herold
Thomas Köcher
Martin Kos
Evgenia Kriventeva
Ingrid Mechin
Christian Mellwig
Luis Moita
Laurent Perez
Angela Relogio

Daniel Schaft
Julia Schaft
Thomas Schell
Olaf Selchow
Philipp Selenko
Remco Sprangers
Joanna Timmins
Rebekka Valsdottir
Tobias Walter
Silke Wiesner
Ulrich Weihe
Manuel Zimmer

EMBL’s International PhD Programme Graduates in 2002-2003

EMBL’s International PhD Programme
On the road to PhD partnerships across Europe

Since EMBL’s International PhD Prog-
ramme began more than 20 years ago, the
Laboratory has been making steady progress
toward an important goal: breaking barriers
and forging ties between national education
systems. Students come from across Europe
to do their training at EMBL and to take
advantage of the Laboratory’s international
and interdisciplinary environment.

In 1997, the EMBL member states granted
the Laboratory the right to award its own
PhD degree. Before that time, students had
to be registered at a member state university
which served as the degree-granting institu-
tion; this did not reflect EMBL’s true role in
their education. An increasingly popular pos-
sibility is for students to earn joint degrees.

“Our PhD students are here as ambassadors
of their home universities,” says Matthias
Hentze, Dean of EMBL's graduate studies

programme, “and they are ambassadors of
the EMBL in their home countries. Many of
them wish their PhD degrees to reflect this
dual affiliation.”

This year, the University of Heidelberg and
the University of Dundee joined the growing
list of institutions to have a partnership with
the EMBL PhD Programme, and thus to
award joint PhD degrees with EMBL. With
These new agreements extend partnerships
to Germany and the UK.

Other universities with partnership agree-
ments include the University of Crete (G),
Université Joseph Fourier de Grenoble and
Université de Strasbourg (F), Universidade
de Lisboa and Universidade Nova de Lisboa
(P), Katholieke Universiteit Njimegen (NL),
Eötvös Loránd University (H), and
Universidad Autonoma de Madrid (E).
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EMBL predoctoral students brought their
annual symposium to center stage at EMBL’s
main laboratory in Heidelberg, on
November 14-16, 2002, this time entitled
"Life within boundaries: membranes and
compartments in biology." The broad-rang-
ing theme touched on a wide spectrum of
disciplines within molecular biology and
attracted an interesting and diverse audience.
Sessions included: the origins of life, the bio-
physical properties of membranes, signalling
and trafficking, intracellular compartments
and supracellular architecture.

The EMBL Predoc Symposium series is run
by students from beginning to end. "We do
everything from choosing the conference
theme, to selecting and inviting speakers, to
taking care of the organizational details, like
reserving hotel rooms, scheduling buses, and
choosing the dinner menus,” says predoctor-
al fellow Federico De Masi. “It’s a great
opportunity to get some hands-on experi-
ence.”

Students are also in charge of raising funds.
This year they gained support from commer-
cial sponsors and other organizations, For
example, EMBO, EMBL’s sister organiza-
tion, advertised the symposium, sponsored
two speakers, and published a conference
report in EMBO Reports. To obtain EU
funding, the students submitted a grant
application to the “High Level Scientific
Conferences” programme. “It was a difficult
job, but well worth it, both in terms of expe-
rience, and in what we managed to achieve,”
says Rebecca Forster. “We were very happy to
receive a very generous grant.” A recent EU

report even featured the symposium as a
model for other institutions to follow.

Part of the EU grant was used to support the
travel costs of PhD students coming from
across Europe to attend the meeting.
Organizers received applications from scien-
tists as far away as South Africa, India, Japan,
Armenia, Iran, Argentina and the Ukraine.
Even scientists who did not meet the EU
grant criteria still made the long trip to
Heidelberg – clearly a sign that the symposia
are gaining popularity worldwide, and that it
is well worth the journey.

“Much of the success of this year’s conference
is due to our fantastic speakers,” says
Christian Tischer. “They were very enthusi-
astic and jumped into the spirit of the meet-
ing. They helped to create a relaxed atmos-
phere, which encouraged discussion and
interaction among the participants.”

Poster sessions allowed participants to pres-
ent their own work and helped to lay the
ground for discussions between speakers and
participants. Some speakers even found pos-
sibilities for collaborations between their
groups.

“We were pleased with the high quality of
the posters,” says Michael Huebner. “It took
two days for the Selection Committee to
choose the winners.”We ended up having to
add more prizes beacause we just couldn’t
decide.”

Next year’s event, “A life of Encounters:
Recognition in Biology,” will take place on
Nov 20-22, 2003. For more, see http://sym-
posium.predocs.org/

5;7

2002 predoc symposium organizers: (top, from left)
Rebecca Forster, Federico De Masi, Christian
Tischer, Director-General Fotis C. Kafatos, Rune
Linding, Christoph Shatz, (bottom, from left) Jan
Korbel, Parantu Shah, Daniel Forler, Ivan
Yudushkin and Michael Huebner

Predocs organize sell-out third annual symposium
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The past two-and-a-half years have been an exciting and challenging period during which
scientific and technology support teams have been added to the existing structure of the

Laboratory. To help the move towards the area of functional genomics, several core facilities
were launched with a clear objective in mind: providing the inhouse scientific community with
high-quality and high-throughput tools. These facilities are also accessible to visitors from our
Member States. The organization of a new range of service-oriented scientific activities
required both careful recruitment of human resources and investments in new equipment.
EMBL is a scientifically and technologically attractive place and therefore getting the right per-
sonnel for the proposed jobs was not too difficult. Building on our previous experience in set-
ting up the Advanced Light Microscopy Facility, we conducted extensive discussions with the
major manufacturers and suppliers of state-of-the-art equipment in order to provide the scien-
tific community with the most suitable instruments and to give access to advanced technolo-
gies wherever appropriate. Our negotiations with industry were the starting point for a num-
ber of potentially interesting and powerful “partnerships”. The already existing services such as
electronics, mechanical and maintenance workshops – services that are highly appreciated by
the scientific community for the quality of their work and their readiness to help – saw the
addition of new staff, as long-time collaborators headed off into retirement. This assures us
fully functional workshops that are able to provide sound technological and engineering sup-
port for new projects and ideas from our scientists.

The following pages present some highlights from the services. For a detailed look, visit the
core facilities webpages at www-db.embl-heidelberg.de/jss/emblGroups/p_22.html

– Christian Boulin
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At the core of EMBL:
Highlights from facilities and services
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We have been working on a completely
automated microscope system. We fin-

ished the first step of the technology develop-
ment last year and the machine is now up and
running. It serves our own research project,
and other scientists are queuing up to screen
their samples on it as well. We’ve also imple-
mented workflow software and bioinformat-
ics tools which help us to produce the data
and then give a complete analysis – which is
then made available on the web.We also have
a bioinformatics harvester which scans several
databases for information on the proteins.
You’ll know immediately if your protein has
an interesting phenotype or localization. The
system gives you all the information you need
for an entire cell-based screening platform.

How has the EurALMF developed this year?

The EurALMF programme, fully funded by
the EU, had 16 visitors again this year, from
Greece, Italy, Norway and France, and twice
as many applications. It has been a very fruit-
ful initiative and is appreciated by the visitors
and EMBL scientists alike. Our staff have the
chance to host guests and work on interesting
light microscopy problems. The visitors can
work together with EMBL scientists and get
good coaching; they also have access to cut-
ting edge equipment which they may not
have at their home institutes.The programme
was initially funded for three years, and ends
this year. We are now looking for funds to
keep it going.

What advantages are there to working with
industrial partners?

The ALMF is a good example of synergy
between basic research and industry – it ben-
efits both. EMBL scientists have the chance to
work with top-of-the-line microscopes; com-
panies have the opportunity to work with top
scientists on real biological questions to devel-
op their technology even further. EMBL cur-
rently houses most of the light microscopy
techniques available anywhere. Our job is to
help make them even better. It’s a nice place
to be.

– interview with Rainer Pepperkok

Advanced Light Microscopy Facility

Our current big project is to install a
Laboratory Integrated Management

System (LIMS) for data tracking and mining.
Until now we have worked on case-by-case
service jobs for the lab, and archiving large
amounts of data has been a bottleneck. The
LIMS will connect our mass spectrometers
and gel imagers, and help us to make sense of
all the data coming in.Once an analysis is fin-
ished, all we will have to do is go to the spot
picker, click on a spot, and the mass spectrum
will appear. It will be a much easier and inte-

grated system, and will allow us to do pro-
teomics studies on a larger scale.

What challenges are there running the service?

For the service run quickly and efficiently, we
need to use standard procedures. We must
tune the mass spec machines to achieve a bal-
ance between sensitivity and resolution.
Tuning the machine for each case would take
at least two hours and wouldn’t be efficient.
One researcher needs high sensitivity because

Proteomics Core Facility
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Initially our lab was a unit to support pro-
tein production within the Structural and

Computational Biology Programme. Soon,
researchers from other programmes began
coming to us for help in producing their pro-
teins or peptide sequences. We have the tech-
nologies and experience to be able to do this
for them quickly and efficiently, and often
with better results. If an institute wants to be
competitive, it needs this kind of service.
That’s why the Core Facilities are a very good

development for EMBL. In the Protein
Expression and Purification Facility, we come
in at the early stages of projects and help peo-
ple to get the proteins they need quickly so
they can go on and do their experiments.
People don’t need to struggle for a long time
anymore before seeking help. We are here to
save them time.

Do you develop new procedures?

In our work we encounter problems we can’t
always solve with the existing technologies.
This drives us to constantly search for new
solutions.To use our time efficiently, we try as
much as possible to combine such develop-
ment work with our normal service work.

Have any exciting projects emerged?

We have been working with Professor Bernd
Bukau from the University ofHeidelberg on a
project to co-express bacterial chaperones to
improve protein production in E. coli. This
has worked out very well, and in 2002 we
filed a patent application, via EMBLEM, for
the developed protocols. We have now incor-
porated these protocols into our regular pro-
cedures in the lab with very good results.

– interview with Arie Geerlof

he has only protein at low femtomol level.
The next researcher needs a very high resolu-
tion because he is looking for a point muta-
tion in his protein with just one Dalton dif-

ference in mass from the normal one, but he
has plenty of protein. It is not possible to have
high resolution and high sensitivity at the
same time, so the challenge for us is to find a
balance that will allow us to help as many
researchers as possible, as quickly as possible.
Ideally, people would like to bring us one cell
and have us analyse everything, but it will
take a few years to achieve this.

Have you had interesting visitors this year?

We’ve had lots of visitors to the lab this year –
236 compared to 106 last year. One group
brought a protein called glue protein. It’s the
one that allows fish eggs to adhere to stones in
water. It was a difficult protein to work with,
especially for 2D gel electrophoresis. Things
got really sticky.

– interview with Thomas Franz

Protein Expression and Purification
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How does EMBL’s monoloncal antibody facil-
ity differ from a traditional one?

It comes down to the fact that we can produce
more monoclonal antibodies and faster. We
started in 2001 with the goal of developing
high-throughput procedures. The basic idea
behind the technology arose from a collabora-
tion with Federico De Masi in Wilhelm
Ansorge’s group. Everything is done by robots
– from tissue cultures to protein chips. For
example, you have a project where you need
50 monoclonals. A company would need a
year; we would need 2.5 months. Our system
also gives better results – we’ve got a 90% suc-
cess rate, and we are incredibly cheap.

The facility is no longer at the Heidelberg lab?

We moved down to the Monterotondo site in
June to take advantage of the superb infra-
structure for mouse research. After a few tech-
nical hiccups we had everything up and run-
ning by October 2002. Pieranna Chiarella
from the University of Rome joined the team
and is fantastic! She is basically running the
facility while I concentrate on the business
aspects.

Business aspects?

Yes, it was clear early on that our technology
was promising enough to start a company.
EMBLEM and EMBL-Ventures collaborated
with us to establish Hybricore; we got the

name from Hybridoma Core Facility. This is
the first seed investment of EMBL-Ventures
in an EMBL spin out. Things are developing
very nicely and we expect to be fully opera-
tional as a company by the end of the year.
We will continue to provide monoclonal serv-
ices to EMBL groups as Hybricore at an
extremely favourable price. The most impor-
tant thing for us is to rapidly deliver good
quality antibodies to EMBL scientists and at
the same time build our business. This will
ensure that the success of the company will
directly benefit EMBL both in terms of serv-
ice as well as securing a return to EMBL for
its nurturing of the project as a whole.

– interview with Alan Sawyer

Monoclonal Antibody Facility

The most exciting thing in GeneCore is
that the facility is now completely func-

tional. It sounds a bit trivial, but it hasn't
been at all. We have shifted the focus of the
facility to sequencing and microarrays, and to
providing a reliable high-throughput service
for both. To do this, we have implemented a
lot of robotics and automated instrumenta-
tion. Thanks to the highly-motivated staff of
the facility we have been able to smoothly
integrate the new instrumentation and estab-
lish highly-reliable automated protocols. We
are also planning to strengthen our microar-

ray capabilities to prepare for projects in
which EMBL is strongly involved, such as the
Anopheles, medaka, and fruitfly projects.

What about sequencing and other technolo-
gies?

Optimization of the capillary sequencing
technology for the service environment has
allowed us to dramatically increase sequenc-
ing throughput and the capacity of the facili-
ty. However, for the more difficult cases, we
still use the EMBL-developed sequencing

Genomics Core Facility
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technology (ARAKIS), which provides highly
accurate results but has limitations in speed.

The field of functional genomics is not only
about producing and accumulating data but
also about independent data validation, either
by oligo-based microarray systems or by Real-
Time PCR. A good example of this is the col-
laboration we have with febit AG.We are cur-
rently validating their technology for gene
expression profiling in biological contexts.

It is fair to say that the GeneCore Facility has
now reached a very satisfactory acceptance
level and one of our goals is to maintain and
amplify this by delivering optimal services to
the scientific community. Our next step is to
set up an on-line registration system which
will simplify things for our “clients” and help
us do our job even better.

– interview with Vladimir Benes

What has the CN group been up to this year?

Our most difficult task was moving the entire
Heidelberg network behind a firewall. The
trick was to do this without interrupting
staff ’s daily work. We also introduced central
e-mail virus filtering as a complementary
security measure, and a spam tagging service.

We have set up wireless networking in most of
the Heidelberg lab. Conference participants
and visitors now benefit from seamless and
comfortable internet communication during
their stay. We’ve also enhanced remote access
to the lab. Using VPN, EMBL staff who are
at home or traveling can access the
Laboratory’s information resources as if they
were on site.

You’ve also been giving support to EMBL’s
administration for a special project.

Yes, we have been working to implement SAP,
the new financial database. The service is out-
sourced to a provider in Berlin. We have
introduced document archiving as an addi-
tional service in Heidelberg. This project has
led us to set up a network of secure virtual
tunnels between all EMBL sites and Berlin for
SAP and between the outstations and
Heidelberg for the document service. The
network will be used for other projects, and
will help to bring the geographically distant
EMBL units closer together.

How do you handle the ‘data explosion’?

Researchers at the lab now use high-through-
put tools for functional genomics. This has
led to an explosion in data storage. In 2002,
our central data capacity increased from 4 to
about 25 terabytes. Today’s low-cost disk
arrays, affordable PC server hardware and the
free Linux operating system have allowed us
to provide more services for the same cost.We
have chosen gigabit Ethernet as the scalable
basis for the new storage network. To address
the numerical computing needs of the scien-
tists, we have introduced a cluster of 60 CPUs
running Linux. This is strongly linked to the
central disk storage with multiple gigabit
interfaces.

– interview with Hans Döbbeling

Computer and Networking Group
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What is the biggest challenge for the photo-
lab?

Imaging is a technology-driven industry.
Having migrated over several years from con-
ventional to digital imaging, the biggest chal-
lenge for the photolab is keeping ourselves
and our clients up to date and remaining
open to change. The requirements of scien-
tists and EMBL for publications and public-
ity purposes have increased and change con-
tinuously, challenging us to adapt our work-
ing practices accordingly. All imaging is
achieved digitally whether it is scanning and
labelling a gel to a portrait or an elaborate
poster exhibition. Our online picture library
and digital video production and distribution
are examples of services set up to improve
service availability to the outstations.

What’s your favourite service in the photolab?

Video has assumed a much more important
role in scientific presentations, seminar dis-
tribution and publicity. The massive techno-
logical jump to digital allows us to achieve
with a good workstation editing which, just a
few years ago, would have required unavail-
able finances and a room-full of equipment.
A good example of this service is the produc-

tion and distribution of the 2002 EMBL/
EMBO Science and Society conference on
DVD.

What’s new with the Conferences office?

One of EMBL’s missions is training, and con-
ferences, courses and workshops are an
important means for this. Technology has
brought great changes on this side, too. Over
the last four years we have developed our
meeting organization into a one-stop service,
removing a lot of the pressure from scientists
and allowing them to concentrate on con-
tent. In collaboration with the computer
group, nearly all advertising and communica-
tion procedures have been moved to the web.

What about the conference rooms?

Running meetings on a cost-neutral basis has
allowed us to finance some of the necessary
audiovisual equipment updates.High-resolu-
tion, bright, computer projectors and soft-
ware expertise allow for smooth presentations
with almost any type of laptop or operating
system. Recording and digital distribution of
conferences is also a well-developed service.

– interview with Doros Panayi

Photolab and Conferences Office
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EMBL Enterprise Management Technology
Transfer GmbH (EMBLEM), a subsidiary
and the commercial arm of the EMBL, iden-
tifies, protects and commercializes the intel-
lectual property (IP) developed in the EMBL
world. EMBLEM, in its Innovation
Works™ technology transfer concept, aims
to facilitate and accelerate the transfer of
innovative technologies from basic research
to industry, thereby contributing to the
development of new diagnostics, drugs and
therapies, to ultimately benefit society.

Daily work at EMBLEM includes the sourc-
ing and protection of EMBL-IP via patents
and copyrights, negotiation and conclusion
of material transfer, confidentiality and col-
laboration agreements as well as license and
consultancy agreements. “We also deal with
IP issues in general arising at EMBL,” says
Gàbor Lamm, EMBLEM’s Managing
Director, “and spend a fair amount of time in
training and educational activities at the lab-
oratory so that staff members are familiarized
with the general concept of technology trans-
fer and with the nitty-gritty of how this is
put into practice at EMBL. These activities
raise awareness for technology transfer issues
and help smoothen the process itself.”

EMBLEM’s current intellectual property
portfolio includes 80 patent families and
more than 40 copyrights and trademarks,
and these numbers are growing steadily.
“EMBL researchers from all programmes

and Outstations have contributed,” says
Gàbor, “allowing us to cover the spectrum of
the life sciences and to create a diversified IP-
portfolio with added commercial value.”The
portfolio includes enabling technologies,
molecular tools and techniques, instruments
as well as software programmes and databas-
es. The innovative value and market poten-
tial of the inventions created by EMBL sci-
entists together with EMBLEM’s successful
business development activities are mirrored
in the high licensing ratio of the patent port-
folio of about 40% and in the currently more
than 130 global licensees of EMBL tech-
nologies. Last year alone, EMBLEM submit-
ted over 30 new patent applications/copy-
rights and concluded about 50 new license
contracts.

How does the tech transfer pipeline work?
EMBLEM staff identify existing and emerg-
ing intellectual property at EMBL and at the
same time work with the inventor to define
potential fields of application. They then
conduct a preliminary analysis to determine
the technical and commercial exploitability
of the intellectual property. If the project gets
the green light, EMBLEM develops a strate-
gy to protect, market and commercialize the
technology. For maximum effectiveness,
there is a broad international network of
business, technology and science contacts
and strategic alliances to be drawn on. For
example, EMBLEM recently concluded a
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Innovation Works™: Technology Transfer at EMBL

EMBL technology transfer in the press.
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co-operation contract with the German
Cancer Research Institute (DKFZ) in
Heidelberg to co-market IPR, establish spin-
out companies and organize joint confer-
ences and training events. The commercial-
ization strategy may involve either the licens-
ing of the technology to established compa-
nies or the launching of a new enterprise – or
‘start-up company’. Eight start-ups have
emerged from the EMBL world in the past
five years.

“The creation of start-up companies is a
complicated process requiring time and
patience,” says Gàbor. “Start-up companies
need to have an excellent intellectual proper-
ty base, which can take the form of patents,
patent applications, copyrights, know-how
or materials. They also need to attract a top-
notch management team and secure financ-
ing and interim space. Balancing this equa-
tion is the biggest challenge tentative new
companies face.”

In order to facilitate the creation of start-up
companies at EMBL and also in the EMBL
Member States, EMBLEM together with
EMBL Venture Capital Partners (EMBL
Ventures) has established the EMBL
Technology Fund (ETF). Managed by
EMBL Ventures, the ETF is a true early stage
venture capital fund with a volume of over
26 million Euros provided by major institu-
tional investors in Europe including 3i (UK),
BankInvest (DK), Marco Polo (E),
Heidelberg Innovation (D), HBM (CH), the
European Investment Fund (L) as well as
EMBL. The ETF has been fully operational
since January 2002 and has already made
three investments. “The investment focus of
the ETF covers all aspects of the life sciences,

from diagnostics, bioinformatics, target vali-
dation and drug design, to technology plat-
forms, medical devices and therapeutics,”
says Stefan Herr, Managing Director of
EMBL Ventures. “The Fund provides long-
term equity financing to entrepreneurs to
help build and strengthen their companies.
We have several years of early-stage invest-
ment experience, and provide more than just
money to our portfolio companies. We
invest our experience, resources, time, imag-
ination and entrepreneurial energy to create
lasting value.”

“EMBLEM and the ETF have made signifi-
cant achievements in the past years,” says
Gàbor, “and we look into the future with
confidence.” In the truly European spirit of
the Institute, and given our mandate to pro-
mote pan-European technology transfer and
commercialization, both EMBLEM and the
ETF are open to EMBL alumni and to
inventors in the EMBL Member States.

EMBLEM and ETF are eager to put their
Innovation Works™ concept to use and
assist in topics ranging from invention devel-
opment and intellectual property protection
to marketing and commercialisation. If you
have IP (developed an idea or product) and
are interested in exploring possibilities for a
license contract or a new start-up company,
get in touch.

For more, see www.embl-em.de and
www.embl-ventures.com
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From innovation to commercialization.
EMBL researchers develop ideas which
can form the basis of intellectual proper-
ty. If the inventor wishes to commercial-
ize this IP, EMBLEM subjects the idea
to a ‘due diligence’ process to assess nov-
elty, market potential and commercial
value. If the result is positive, the IP is
protected (by patents and/or copyrights)
and commercialized. Such discoveries
may also serve as the basis for start-up
companies which, after stringent assess-
ment, can seek seed- and early-stage
funding from EMBL Ventures.
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The statistics in the following pages are based on data available to the EMBL
Alumni Association in May 2003. They include only alumni for whom current
residence is known. In some cases the nationality of alumni is unavailable.

There are
nearly 2,500
EMBL alumni
worldwide.

Where are they now?
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30 EMBL alumni work in Austria
12 Austrian alumni are back in Austria

18 non-Austrian alumni now work there

19 Austrian alumni work elsewhere

13 EMBL alumni work in Belgium
8 Belgian alumni are back in Belgium

5 non-Belgian alumni now work there

14 Belgian alumni work elsewhere

20 EMBL alumni work in Denmark
10 Danish alumni are back in Denmark

10 non-Danish alumni now work there

7 Danish alumni work elsewhere

35 EMBL alumni work in Finland
30 Finnish alumni are back in Finland

5 non-Finnish alumni now work there

13 Finnish alumni work elsewhere
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185 EMBL alumni work in France
134 French alumni are back in France

46 non-French alumni now work there

45 French alumni work elsewhere

421 EMBL alumni work in Germany
220 German alumni are back in Germany

152 non-German alumni now work there

120 German alumni work elsewhere

22 EMBL alumni work in Greece
20 Greek alumni are back in Greece

2 non-Greek alumni now work there

15 Greek alumni work elsewhere

5 EMBL alumni work in Israel
5 Israeli alumni are back in Israel

1 Israeli alumni work elsewhere
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163 EMBL alumni work in Italy
138 Italian alumni are back in Italy

25 non-Italian alumni now work there

59 Italian alumni work elsewhere

52 EMBL alumni work in the Netherlands
38 Dutch alumni are back in the Netherlands

14 non-Dutch alumni now work there

27 Dutch alumni work elsewhere

14 EMBL alumni work in Norway
12 Norwegian alumni are back in France

2 non-Norwegian alumni now work there

4 Norwegian alumni work elsewhere

3 EMBL alumni work in Portugal
3 Portuguese alumni are back in Portugal

4 Portuguese alumni work elsewhere
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54 EMBL alumni work in Spain
51 Spanish alumni are back in Spain

3 non-Spanish alumni now work there

31 Spanish alumni work elsewhere

48 EMBL alumni work in Sweden
38 Swedish alumni are back in Sweden

10 non-Swedish alumni now work there

12 Swedish alumni work elsewhere

72 EMBL alumni work in Switzerland
14 Swiss alumni are back in Switzerland

50 non-Swiss alumni now work there

15 Swiss alumni work elsewhere

100 EMBL alumni work in the UK
180 British alumni are back in the UK

80 non-British alumni now work there

140 British alumni work elsewhere
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A year in the life of EMBL...

July Aug
EMBL’s Dive Club goes diving with 20 kids
from the German Children’s Cancer Association’s
Better Days Waldpiraten Camp. For the past few
years, EMBL staff have volunteered their time to
help out the kids at camp, located across the
meadow from the main lab in Heidelberg.

EMBL researchers participate in “VCell: the
Virtual Cell” exhibition at the Deutsche
Museum in Munich. Organized by the Max-
Planck-Gesellschaft, the exhibition aimed at
bringing the intricate world of the life sciences to
a wide audience through hands-on activities, pre-
sentations and webcasts. EMBL scientists partic-
ipated in a Q&A session broadcast live around
the world via webcam.

The stork pays a visit to EMBL, as Oceania
Mackenzie becomes the first baby to be born in
the lab’s guesthouse. Visiting researcher Jason
Mackenzie and his wife, who already have five
daughters, say, “we are grateful to EMBL guest-
house services for all their help – especially for
finding enough beds...”

Five portuguese students and their teacher arrive
at EMBL’s doorstep for a week-long hands-on
look at the lab. The trip to Heidelberg was the
grand prize that they won with their play,
“Demiurges contest,” written and produced for
the “Life in the Universe” science fair, sponsored
by the EIROforum and held at CERN in
November 2001. At EMBL they visited many
labs, spoke with lots of scientists, and treated
EMBL staff to a command performance of their
play.

Three sporty employees of EMBL Enterprise
Management and EMBL Venture Capital
Partners spend Sunday, August 4 speeding
through water and racing across terrain as they
took part inHeidelbergmanTriathlon (no appear-
ance from the Neckar piranha). They crossed the
finish line in 2 hours and 48 minutes, for 91st
place. Not just exercise, but an exercise in good
will – the team raised 5,000 Euros for theGerman
Children’s Cancer Association’s Waldpiraten
camp.
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EMBL researchers in Heidelberg help wrap up
mosquito genome. September saw the publica-
tion of both the Anopheles gambiae and the malar-
ia parasite Plasmodium sequences in Science and
Nature. The groups of Fotis C. Kafatos and Peer
Bork did a functional comparison of Anopheles
and Drosophila genomes, turning up nearly 250
genes that probably play a role in the insect
immune system. Researchers hope that all the
new information will give a jump-start to research
related into malaria and other insect-borne dis-
eases.

EMBL’s Office and Information and Public
Affairs launches new homepage design, which
includes an easy navigation tool for the different
EMBL units, as well as links to the research
groups and services, including core facilities, data-
bases, the library and technology transfer. You’ll
also find links to important information on the
EMBL PhD Programme, job opportunities,
Science and Society activities, the Visitors
Programme and the EMBL Alumni Association.
Log on and have a look at www.embl.de.

The ISG hotel hosted 95 Jewish visitors, all of
whom had left Heidelberg during the Hitler era,
often under extremely difficult circumstances. For
many it was their first trip back. The visit was
interesting and challenging for the ISG staff, who
helped make the visit a memorable one.

The children at EMBL’s Kinderhaus get to work
on preparing their lanterns for annual the
“Lanternenfest”. This German tradition celebrates
St. Martin, a wealthy and wise old man who once
came to the rescue of a poor man he met on the
side of the road. The lanterns symbolize the light
and warmth that St. Martin lent to his fellow cit-
izen. And as it turns out, the yearly celebration
not only reminds us to do good deeds – it also
offers a good excuse for German children to go for
a walk in the forest after dark.

A small group of EMBL alumni meet in
Heidelberg to work on shaping the future of the
EMBL alumni association. They came up with
many suggestions for activities, including fellow-
ships, lecture series, meetings, traveling work-
shops and science education initiatives. Already in
the works is a postdoctoral fellowship at EMBL
sponsored by the Swedish Foundation for
Strategic Research. The alumni association board,
elected in April, is now charged with making
these plans a reality. The next general EMBL
Alumni Association meeting is planned for
November 25-27, 2004.

EMBL faculty retreat to Ladenburg in Germany
to discuss the current developments and future
scientific directions for the Laboratory.

Sept Oct
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Nov Dec
Hamburg Outstation renovation. EMBL
Council Chair Eero Vuorio, Director-General
Fotis C. Kafatos and Outstation Head Matthias
Wilmanns cut the ribbon to reopen the facilities,
located on the campus of the German
Synchrotron Research Centre (DESY). Building
‘25A’, attached to the DORIS storage ring and
dedicated to synchrotron radiation experiments,
was renovated to state-of-the-art safety standards
by Ernst Heinmöller and his building and main-
tenance crew. They added a third floor, nearly
doubling lab space needed for protein produc-
tion for crystallization.

Physics on Stage, sponsored by the EIROforum
and the EC, welcomes 400 teachers to an inter-
national physics teaching fair at ESTEC in
Noordwijk, the Netherlands.

Europeans reveal the technologies they
“Couldn’t be without”. The EIROforum’s year-
long project, organized for the European Science
and Technology Week, culminates in a live web-
cast broadcast around the globe from CERN in
Geneva. The internet-based initiative showed
students, teachers and other websurfers through-
out Europe how today’s society could not exist
without cutting-edge scientific research. As a part
of the project, EMBL produced an extensive
teaching kit based on malaria research, which
went out to 2000 schools.

EMBL alumna speaks at Heidelberg Forum on
Science and Society. Nobel Prize-winner
Christiane Nüsslein-Volhard from the MPI for
Developmental Biology in Tübingen spoke at the
Heidelberg Forum on Science and Society. She
addressed a packed house both at the Print Media
Academy auditorium in downtown Heidelberg,
and a scientific audience at EMBL. The
Heidelberg Forum on Science and Society is a
joint activity of the EMBL, DKFZ and the
University of Heidelberg.

Twelve Finnish PhD students accompany EMBL
Council Member Marja Makarow to
Monterotondo for a visit to the mouse biology
campus. The Finnish Graduate system allows
PhD students from across Finland to visit
European campuses as possible places to continue
their education. Activities included presentations,
seminars, and one-on-one meetings with
Monterotondo staff.

EMBL Heidelberg’s panic control procedures are
put to a test as the Safety Office and Building
Maintenance crew stage a fire drill, complete with
building evacuation. As a reward for making it
out of the building (and into the snow) in a
record eight minutes, organizers warmed the bel-
lies of their orderly crowd with glühwein and
pretzels.
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Szilárd Library goes against the trend. While
libraries at other research institute report a drop in
the number of visitors, Szilárd continues to buzz
with activity. Despite access to more e-journals,
the number of research articles ordered by EMBL
scientists every month steadily increases.The pop-
ularity of the library looks set to continue with the
integration of a video/DVD library, a new collec-
tion of CD-ROMs as well as non-scientific books
and new services like SDI and scanners.

EMBL&cetera the laboratory’s newsletter enters
its third year of publication and goes bimonthly.
The newsletter is an important source of informa-
tion for EMBL staff, alumni and others who are
interested in what’s going on at the lab. To sub-
scribe, send an email to info@embl.de.

The EMBL Technology Fund successfully closes
with a fund volume of 25 million Euros. The
fund, which is managed by EMBL Venture
Capital Partners GmbH, will be primarily invest-
ed in newly established companies in the life sci-
ences as well as in follow-up financing rounds.

EMBL mice settle into their new homes after 15
IVC cage systems were generously donated to the
Heidelberg lab by EMBL Monterotondo. The
cages protect the mice from pathogens and the
EMBL staff who work with them from allergens.

Ensembl’s Ewan Birney, Esther Schmidt and
Emmanuel Mongin travel to EMBL Heidelberg
to introduce staff there to the automatically-anno-
tated database for genome sequences. The work-
shops were standing-room only, with participants
from all corners of the laboratory looking to make
use of the database to help them in their research.

Whiskey, pipes and highland flinging into the
night. Neighbourhood sheep run for cover on
January 25 as EMBL holds its annual Burn’s night
celebrations. Scots-for-a-night filled their bellies
with haggis, neeps and tatties. Iain Mattaj mas-
tered the ceremonies, delivering a touching rendi-
tion of Holy Wullie's Prayer – in his nightshirt.

EMBL introduces new health scheme, effective
January 1. The new scheme aims to improve the
medical coverage of EMBL employees, in particu-
lar for those at the outstations. Major changes
include abolition of the rule that reimbursement
costs be based on the German scale of fees.
Intermedex continues to administer the scheme
with the new regulations.The Administration and
Staff Association Working Group, who drew up
the rules, continue to monitor their effectiveness.

Jan
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Making the grade. Party posters everywhere,
people in suits wandering the halls, long lines for
lunch in the canteen, and Group Leaders all in
their offices – all clear signs that EMBL’s
International PhD Programme selection week
has arrived once again. Of this year’s 436 appli-
cants, 95 candidates were invited for interviews.
50 of them will arrive at EMBL over the coming
months to begin work on their doctoral degrees.

One hundred fifty keen science students take
part in the European Junior Science and
Humanities Symposium held at EMBL in mid-
March.The event was organized by the European
Union and US Department of Defense-depend-
ent school systems to promote scientific research
in high schools. Highlights included poster ses-
sions judged by EMBL staff, seminars, a play
based on the science of bubbles and a science
trivia quiz; lucky winners got to take home
EMBL lab coats.

It's carnival time once again... time to dress up
and paint your face! EMBL mums and dads join
their youngsters for breakfast at the annual
Kinderhaus Faschingsparty. Though much fun –
and toast and jam – was had, most kids couldn’t
wait for the last parent to leave, so that the real
party could begin.

Russ Hodge cleans his office.

No, it’s not curling. Construction gets underway
on the new mouse house at EMBL Monte-
rotondo. The facility, which will house 30,000
animals in state-of-the-art conditions, will be
ready later this year. Mickey would be jealous.

EMBL expands its education programme to
include the European Learning Laboratory for the
Life Sciences (ELLS), a facility aimed at training
high-school teachers in science and giving scien-
tists skills in education. The ELLS was created
thanks to support from the EU in a contract
called Continuing Education for European
Biology Teachers, coordinated by EMBO.

Senior citizens take EMBL by storm. A group of
Heidelberg academic emeriti dropped in to see
what’s happening in molecular biology. “We’ll be
back in a few years to follow up on your work,” a
spry octogenarian promised.

Conference season kicks into high gear at
EMBL, with events on such themes as
‘Mechanisms of Cell Migration’ and ‘Functional
Organization of theNucleus’.The conferences are
among the first to take advantage of the state-of-
the-art projection facilities in the Operon audito-
rium just installed by the Photolab in collabora-
tion with the Scientific Instrumentation and
Building maintenance crews.

Senior Scientists and Heads of Units travel to
the Grenoble Outstation where they met to dis-
cuss developments in the Laboratory. They were
treated to presentations by the Grenoble Group
Leaders and talked about the newly established
Partnership for Strucutural Biology (PBS).

Mar

Apr
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...and coming up in

JuneMay
EMBL scientists come from near and far for the
Lab Day. Highlights of the day will include scien-
tific talks by Group Leaders, poster sessions with
prizes, and the PhD graduation ceremony.

Fun and games to prevail for EMBL staff and
their families at the 3rd annual joint EMBL/Staff
Association party, on June 7. As always, the day
will be filled with food, drink, song and dance,
and a mechanical bull. This year the festivities are
planned to follow Lab Day, making it easier for
staff from the Oustations to attend.

EMBL Heidelberg celebrates its 25th year
anniversary with a formal ceremony held at the
City Hall in Heidelberg. Baden-Württemberg
Minister President Erwin Teufel, German
Minister for Research and Education Edelgard
Bulmahn, European Commissioner for Research
Philippe Busquin, and Lady Mayor Beate Weber
will all be on hand to mark the occasion. Guests
include many of the people involved in the histo-
ry of the Laboratory.

EMBL opens its doors to the public with an
Open House Day. More than 1,000 visitors from
the Heidelberg area will get a close up look at lab
life. Activities include guided tours, hands-on
experiments, a kids programme, and a science
café.

EMBL Council members gather at the main lab-
oratory in Heidelberg for their annual summer
meeting.

Two journalists from the European Initiative for
the Communicators of Science (EICOS) visit the
Laboratory for a week-long intensive look at
what’s happening in the life sciences. They toured
the Proteomics and Genomics core facilities, sat
in on seminars, and spoke with many EMBL sci-
entists about their work. A highlight of the week
was a radio transmission broadcast live to
Romania from the lab.

Director-General Fotis C. Kafatos is elected a
foreign member of the Royal Society of London.
Fellows are elected for their contributions to sci-
ence, both in fundamental research resulting in
greater understanding, and also in leading and
directing scientific and technological progress in
industry and research establishments. In the same
month, EBI OutstationHead Janet Thornton was
elected foreign member of the National Academy
of Sciences.

Scientific Advisory Committee members and
external experts pay a visit to the Developmental
Biology Programme to conduct a quadriannual
review. This review follows that of the EBI in
April, and that of the Hamburg Outstation in
March. SAC reviews are a crucial part of evaluat-
ing the lab and determining future directions for
research.

EMBL is known for promoting interdisciplinar-
ity, and May saw a perfect example, as Head of
Human Resources Keith Williamson produced a
scholarly paper on physics and time dilation in
trains for EMBL&cetera.
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