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"In forecasting the future of scientific research there is one 
quite general law to be noted," wrote geneticist J.B.S. Haldane at the 
beginning of the century. "The unexpected always happens." In the 
same essay he posed four questions about evolution and genetics that 
he hoped his great-great-grandchildren might be in a position to 
answer. Even Haldane must have been surprised at how quickly these 
questions and their partial answers became the main themes of the 
new science of molecular biology, whose birth was well underway 
within just a few decades. 

The boom of biological knowledge that came on the heels of Watson 
and Crick's description of DNA posed a challenge for the founders of 
the European Molecular Biology Laboratory. New discoveries 
inevitably raise questions which cannot be answered with existing 
methods and technologies. How could they design a laboratory 
capable of expanding into each new area of interest as it arose? Their 
solution was to create a wide-ranging, basic research institution with 
a strong emphasis on interdisciplinarity, flexible enough to pursue the 
unexpected. Small, dynamic groups were given a free hand to pose any 
question they liked. Consequently, EMBL research groups have been 
key players in the creation and refinement of novel methods and of 
instruments which can resolve questions efficiently and quickly, 
providing the raw material for the next generation of experiments. 

The deeper understanding of the cell gained by this work has not only 
provided the impetus to whole new directions of inquiry and new 
fusions of physics, chemistry and biology-it has also led to 
industrial spin-offs and applications, implications for medicine and 
other fields: everything that almost inevitably follows on the heels 
of scientific work of the highest quality. Along the way, the 
Laboratory has sought out the best students, postdoctoral fellows 
and young scientists of Europe, training them and fully integrating 
them into the life of a stimulating scientific community, while 
preparing to boost them into careers as part of the next generation of 
leaders in European science. 

The Laboratory's emphasis on basic research stands on the premise 
that the scientific spirit is an expression of innate, human curiosity. 
Science is at its very best when it is given the freedom to pursue "the 
most beautiful questions" for their own sake; far-sighted researchers 
know that every significant application of the future will stand on 
the shoulders of today's basic research. 





Contents 

Foreword by EMBL Director General Fotis C. Kafatos 

EMBL Science in 1997 

A Journey Through the Cell 
Passing Information to the Interior of Cells 
Inside and Out of the Nucleus 
Making and Sorting Proteins 
The Cytoskeleton 
Cells in Development 

Exploring Biological Structures Tools and Techniques at EMBL 
Microscopy 
Studying Proteins in Crystals and Solution 
From Proteins to Genes 
Bioinformatics: Sequences, Evolution, Models 

The Art and Craft of Science An Interview with Kai Simons 

In memoriam Sir John Kendrew, 1917-1997 

Facts and Figures 

2 

20 
32 
40 
50 
56 

68 
76 
88 
94 

104 

110 

113 

Note: A second part of this report containing the complete statistical information for EMBL has been printed as a separate 
booklet called "EMBL 1997 Annual Report: Handbook of Statistics" . 



Foreword 
by EMBL Director General 
Fotis C. Kafatos 

No man is an Island, entire of it self; every man 
is a piece of the Continent, a part of the main; if a 
clod be washed away by the sea, Europe is the 
less, as well as if a promontory were, as well as 
if a manor of thy friends or of thine own were ... 

Meditation XVII 
John Donne (1572 - 1631) 

GREAT POETS HAVE THE CAPACITY to speak to us 
across the centuries, with moving and profound 

words which illuminate situations quite different from 
those that first elicited them. Such is the case with this quo-
tation from John Donne. More than three centuries ago, 
Donne spoke of human unity in the face of death. But his 
images are equally relevant to the living process of 
European unification and the institutions that contribute 
to it, be they political, financial or scientific. This is how I 
think of EMBL. Across its five sites, it is one whole which 
gains and provides strength from its unity, its cohesion and 

its internal complementarity. The Laboratory should (and does) evolve flexibly over time, with 
the help of critical peer review and dialogue with the Member States. But it could not be divid-
ed into disconnected facilities, accessed individually in an a la carte manner, without losing its 
ability to function as a world-class institution, without being "washed away by the sea." Its 
continued success will depend on each of our member countries seeing the benefits that a 
dynamic and complete EMBL can bring to our continent as a whole; on each country embrac-
ing it as one of its own, rather than treating it as somehow "other"; on each country realizing 



that the rationale for EMBL can only be that of an elite institution, working to open up 
new frontiers in science while shoring up the unity of our collective scientific commu-
nity through its methodology development, training programmes and pervasive inter-
national networking. Viewed from this perspective, the rather modest needs of the 
Laboratory surely represent a wise investment in the future. For if it be undermined, 
Europe is the less. 

The essence of EMBL is its scientific life--" always the beautiful answer that asks the 
more beautiful question", in the words of e. e. cummings. This year's Annual 

Report captures this essence for a broad, scientifically-literate audience. It presents not 
reports from individual EMBL units, but rather an integrated picture of recent advances 
and new questions. The texts that follow speak for themselves. The specialist will be 
able to find more details in the Research Reports, which will become available through 
our web site (http://www.embl-heidelberg.de); in our annual PhD Programme brochure; 
and in the Heidelberg Visitors Programme brochure, published in 1997. 

Beginning this year, the Annual Report appears in two parts. The main part focuses 
primarily on our scientific work. The second part is a Handbook which includes 

the detailed statistics of the Laboratory and its activities. In this Foreword, I wish to 
focus on a few highlights from 1997. The space available does not permit me to do jus-
tice to all, and thus three important highlights will be mentioned only briefly. I expect 
to return to these highlights and their aftermaths next year. 

One of the most far-reaching developments was the unanimous December decision 
of our governing Council, representing the 15 Member States, to grant EMBL the 

authority to award its own PhD degree. This was well-deserved recognition of the 
exceptional quality of the EMBL International PhD Programme, its performance for the 
last 15 years, its unique features, and the special requirements arising out of its inter-
national nature. 

A second significant development has been in the area of technology transfer. High-
quality basic research almost inevitably results in the potential for spin-offs that 

can be of wider use, and EMBL has been heavily involved in the development of new 
technologies since its creation. In December, the EMBL Council granted us new pow-
ers to take a more active role in transferring technology developed at the Laboratory to 
industry. The new policy has two parts: EMBL has been empowered to accept shares in 
companies in exchange for technology (in addition to the traditional arrangements of 
receiving royalties and licensing fees); secondly, we received approval for creating a 
Technology Transfer Company to manage our affairs in this area and to provide an inter-
face between the Laboratory and the private sector. Such a company will allow us to 
protect the basic research nature of the EMBL while looking for optimal means of put-
ting our intellectual property to use and creating useful products through the biotech-
nology industry. 
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Athird important item has been the efforts and conclusions of a Working Party set 
up by Council to examine the terms and conditions of employment at EMBL. After 

careful analysis of data from EMBL, other international scientific organisations and 
national institutions in several member states, the Working Party concluded that, on the 
whole, the present package of salaries and benefits is reasonable and should not be 
reduced. Its report documented that this package is somewhat lower at EMBL than in 
several other international organisations; that the EMBL package is somewhat higher 
than in many national organisations, but the disparity is not excessive; and that the 
package is fully justified in view of the additional costs accrued by staff working in 
impermanent positions in a country other than their own, as well as the necessity of 
EMBL continuing to attract and retain highly qualified staff from all our Member 
Countries. The report of the Working Party was unanimously accepted by Council. I 
am pleased by their conclusions, which counter a common but unfounded and now 
obsolete misperception (possibly dating from the early years of the Laboratory) that 
costs are high at EMBL. 

The EMBL community was deeply saddened by the death of our first Director-
General, Sir John Kendrew, in August 1997. In April we had celebrated his 80th 

birthday in Heidelberg, in appreciation of his immense contribution not only to science 
but more specifically to the Laboratory that he helped establish and led for 8 years - a 
Laboratory that continues his legacy. A special tribute can be found at the end of this 
Annual Report. 

Sir John Kendrew and Fotis C. Kafatos at EMBL in April 1997 



EMBL as a gateway for European science: the 
turnover system 

Lennart Philipson, the Laboratory's second Director General, introduced a policy of 
active turnover of personnel which has done much to serve one of EMBL's most 

important functions: to attract highly-qualified scientists at all levels and to prepare 
them for future scientific careers in Europe. As part of this system, not only our pre-
doctoral and postdoctoral fellows, but also the scientists and the other staff are expect-
ed to stay at the Laboratory for limited periods not exceeding nine years. Rare excep-
tions are made for persons who are practically irreplaceable or otherwise of unique 
importance to the Laboratory; they receive exceptional Open-Ended Contracts (rolling 
tenure). The policy continues to have a profound direct effect, ensuring the flexibility, 
dynamism and youthfulness of the Laboratory; indirectly, it is a key contributor to our 
very special collaborative culture. It is also the basis of a very concrete dividend to the 
countries that fund us: the return of highly qualified personnel, accustomed to an inter-
national setting (which is becoming increasingly important in Europe), who have 
proven themselves under the most exacting standards. 

The following table summarizes data collected for the period before 1995, when we 
asked all former EMBL scientists and fellows to update their addresses. The 47 for-

mer group leaders and 70 staff scientists who replied are the best illustration of the ben-
efits of the turnover system. 

Table 1: EMBL Scientists Leaving Before 1995 

Out of the 47 responding former Group Leaders, now 
5 (10.6%) work in industry, 
27 (57.4%) are at universities, 
15 (31.9%) are at research organisations and 
44 (92.7%) settled in EMBL Member States. 

Out of the 70 former responding Staff Scientists, now 
14 (20.0%) work in industry, 
21 (30.0%) are at universities, 
22 (31.4%) are at research organisations, 
3 (4.3%) in other areas and 
64 (92.4%) settled in EMBL Member States. 
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Furthermore, updating the more recent data presented in the 1995-1996 Annual 
Report (p. 5) to include data for 1997, we arrive at the following picture for the career 

moves of our faculty (Group Leaders and Staff Scientists) over the last three years: 

Table 2: EMBL Faculty Departures in 1995 - 1997 

to Country Academia Industry Other 

D 8 4 
DK 1 
E 1 
F 3 
GR 3 
I 1 
NL 2 
S 1 
SF 1 
UK 7 2 
AUS 1 
IRL 1 
NZL 1 
USA 2 

Total 33 7 2 

37 Departures to Member States; 5 Departures to Non-Member States 
In Member States: 88% 
In Industry: 17% 

Total 

12 
1 
1 
3 
3 
1 
2 
3 
1 

10 
1 
1 
1 
2 

42 

A s has been the pattern consistently over the years (see also Annual Report 1995-
96, p. 6), most of our new faculty were Europeans working in the United States at 

the time we recruited them. Clearly, EMBL serves as an important gateway for "repa-
triation" of highly-qualified and typically young scientists back to Europe, and then 
makes them available to the national systems once they have proven their worth here. 
Over the longer term, all of the Member States have benefited from this process; in the 
last three years, and despite the normal fluctuations associated with small numbers, 
EMBL "alumni" went to as many as 10 of our 15 Member States. 

A nother notable feature is the number of EMBL faculty who move on to industry. 
This is a long-term trend (Table 1). In the last three years, as many as 17% of our 

departing scientists directly entered careers in the biotechnology industry; in 1997, the 
proportion was 29% (5 out of 17 departures). The companies that benefited in this way 
were in the Member States, and half of them were start-ups in which the EMBL alum-
ni played central roles. 



Table 3: Recruitments of EMBL Scientists to Industry, 1996-1997 

Company 

Astra-Hassle (Mondal) 
Boehringer (Hamburg) 
Celltech (Slough) 
CEOS (Heidelberg)* 

LION (Heidelberg)* 

Synomics (Cambridge) 

* start-ups 

Scientist 

N. Darby 
R. Wept 
T. Ceska 
M. Haider 
J. Zach 
G. Casari 
H.Voss 
R. Schneider 
T. Flores 

A strong record in advanced training and 
collaborations with visitors: 
The Heidelberg Visitors Programme 

The EMBL Outstations in Hamburg and Grenoble have attained world renown for 
their support and service to visiting structural biologists. Practically all European 

and many non-European molecular biologists now use, almost daily, the major DNA 
and protein sequence databases provided by our Hinxton Outstation, the EBI. In addi-
tion, during the development of EMBL's current five-year Scientific Programme (1996-
2000), the scientific community and policy makers of our 15 member states voiced great 
enthusiasm for a project to enhance our Visitors Programme in Heidelberg. The deci-
sion to formalize this programme had several goals: to make it more widely known, to 
clarify opportunities for visitors within the limitations of available resources, to encour-
age more applications from all over Europe, to invite sabbatical visitors, and to keep 
better records so that the efficacy of the programme could be evaluated. The enhanced 
Visitors Programme was initiated in 1997, concurrent with the completion of the C. 

Niisslein-Volhard/E. Wieschaus Extension Building, which relieved some of the over-
crowding in the Laboratory. 

Collaborators, trainees, sabbatical visitors, course participants, and the users of our 
facilities have always benefitted greatly from their stays at the Laboratory, while 

making vital contributions to scientific work and life at EMBL. But in the absence of 
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records and publicity, the benefits were essentially invisible. We have now established 
a Visitors Programme Committee representing all of our activities, have put into place 
an effective registration procedure for keeping statistics on visitors, and have produced 
a colour brochure to introduce the programme to the European scientific community. 
An electronic version of the brochure can be found on the EMBL web site. 

Kyle Miller, visitor to Carlos Dotti's 
group, makes use of the EMBL 
Microinjection Facility. 

W e encourage visitors to apply directly to the group leaders with whom they wish 
to work, but the new structure has helped us to respond to enquiries from sci-

entists who are not familiar with the Laboratory. Visitors fall into the following cate-
gories: 

a) Scientific Collaborators: Scientists visiting EMBL in order to join one of our teams, 
perform joint experiments or arrange collaborative projects with individual mem-
bers of the EMBL faculty. 

b) Trainees: Students or junior scientists pursuing a time-limited project in the lab-
oratory of an EMBL group leader in order to acquire the necessary scientific experi-
ence and qualification to successfully complete their studies. This category includes 
largely summer students, diploma students and technical trainees; graduate students 
studying for their PhD at EMBL are part of our separate EMBL PhD Programme and 
are therefore not considered as visitors. 

c) Users of Facilities: Visitors who wish to use the existing Facilities at EMBL for a 
limited time-span without necessarily participating in direct scientific collaboration 
in the hosting Programme (in contrast to scientific collaborators). 

d) Sabbatical Visitors: Established scientists who visit one of EMBL's Research 
Programmes on sabbatical leave (five in 1997). 

e) Others: visitors who cannot be clearly classified in one of the other categories. 



f) Practical Course Participants: Practical courses are an important component of the 
Visitors Programme, and are very demanding of faculty time and use of facilities, 
even if external sponsorship is available. Applications for participation are handled 
by the organizers of the individual courses. 

The following practical courses were organized by three of the Heidelberg Research 
Programmes in 1997: 

Table 4: Practical Courses Organized in 1997 

Organizing 
Programme 

Cell Biology 

Biochemical 
Instrumentation 

Biochemical 
Instrumentation 

Biochemical 
Instrumentation 

Structural Biology / 
Biocomputing 

Structural Biology / 
Biocomputing 

Structural Biology / 
Biocomputing 

Title of Practical Course 

Methods in Cell Biology 
(EMBO Course) 

Microinjection, Electroporation and Particle 
Transfection of Cells 
(EMBO Course) 

Advanced Methods in Biological Mass 
Spectrometry 
(EMBO Course) 

DNA Sequencing: Advanced Approaches, 
Automated Methods and Analysis 
(EMBO Course) 

Molecular Modelling for Beginners 
(EMBL Course) 

Supercomputing Resource for Molecular 
Biology: Practical Courses in Parallel and 
High-Performance Computing 
(EU-LSF) 

User Course for the WHAT IF Protein 
Modelling and Visualisation Package 
(EMBL Course) 

Number of 
Participants 
/ Duration 

28 / 2 weeks 

15 / 2 weeks 

21 / 1 week 

18 / 2 weeks 

30 / 1-2 weeks 

19 / 1 week 

18 / 1 week 

g) Meeting Participants: The Main Laboratory in Heidelberg also sponsors a num-
ber of meetings, ranging from intensive workshops to large conferences. Some are 
joint activities with EMBO and others are independent. Meetings bring a large num-
ber of visitors into contact with EMBL and are often useful for arranging future 
research visits or collaborations. Because of the importance of global interchange in 
science, the meetings have a higher proportion of participants from non-member 
states than is normal for other EMBL activities; this benefits both our European and 
non-European colleagues. The meetings organized in 1997 are listed below: 
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Table 5: Meetings Organized in 1997 

Organizing 
Programme 

Structural Biology 1 
Biocomputing 

Cell Regulation 

Gene Expression 

Gene Expression 

Biochemical 
Instrumentation 

Title of Practical Course 

Dynamics and Molecular Organization 
(EMBUEMBO Symposium) 

Viral Vectors in Basic Biology 
(EMBO Workshop) 

Chromatin and Epigenetic Mechanisms 
(EMBO Workshop) 

Mouse Molecular Genetics Meeting 
(EMBL Conference) 

Fourth International Conference on 
Automation in Mapping and DNA 
Sequencing 
(EMBL Conference) 

Number of 
Participants 
1 Duration 

63 / 1 week 

64 / 1 week 

138/1 week 

222 / 1 week 

178 / 1 week 

The combined data on the number of visitors and total duration of stay at EMBL are 
summarized in Table 6 below. In total we had 1894 weeks of visit and 390 visitors 

of what we call Heading A visitors, corresponding to the above categories (a) to (f). 
These impressive numbers represent approximately 50% growth since 1996 (although 
the exact magnitude of the increase is uncertain, because of the new and more effective 
registration procedure). It is worth recalling that the Heidelberg laboratory employs 334 
researchers (including group leaders, staff scientists, pre doctoral and postdoctoral fel-
lows). Thus, on the average we had 40 Heading A visitors at anyone time, or approxi-
mately 11 % of the EMBL scientists. In the absence of bench fees for visitors, and con-
sidering the investment of effort in our practical courses, these figures document a 
remarkable commitment to advanced training and support for visitors on the part of 
the Laboratory. 



I t is pleasing that the statistics we have collected show that the Visitors Programme is 
very inclusive (Tables 7 and 8). All the 15 Member States are well represented, with 

balanced percentages within a factor of 2 relative to the ordinary contributions. This has 
been achieved, as always, without the use of quotas. About one fifth of the visitors come 
from non-Member States, as is normal for all activities at EMBL. The distribution of 
lengths of visits shows two peaks, one at 1-2 weeks and another at 1-2 months. The vis-
itors for conferences are also broadly representative by nationality. In this case we have 
a much larger percentage of non-Member States, as is appropriate for conferences. 
Clearly, we have achieved a very well balanced Visitors Programme. 

Table 6: Heidelberg Visitors, 1997 

Category Visitors Visitor 
weeks 

Collaborator 144 625 
Trainee 55 800 
User of Facility 32 123 
Sabbatical visitor 5 100 
Other 5 12 
Practical Course Participant 149 234 

Subtotal Heading A 390 1894 

Symposia/Workshops 265 265 
Conferences 400 400 

Subtotal Heading B 665 665 

TOTAL 1055 2559 
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Table 7: Heading A Visitors by Home Countries 

Country Number Proportion Proportion Visitor Proportion Proportion 
of oITotal of EMBL Weeks of Total of EMBL 

Visitors Member Member 
Countries Countries 

EMBL Member Countries: 

Austria 6 1.5% 1.9% 35 1.8% 2.3% 
Belgium 6 1.5% 1.9% 38 2.0% 2.5% 
Denmark 8 2.1% 2.5% 62 3.3% 4.1% 
Finland 16 4.1% 5.0% 105 5.5% 7.0% 
France 29 7.4% 9.1% 170 9.0% 11.4% 
Germany 112 28.7% 35.2% 564 29.8% 37.7% 
Greece 7 1.8% 2.2% 21 1.1% 1.4% 
Israel 5 1.3% 1.6% 7 0.4% 0.5% 
Italy 25 6.4% 7.9% 115 6.1% 7.7% 
Netherlands 16 4.1% 5.0% 81 4.3% 5.4% 
Norway 11 2.8% 3.5% 34 1.8% 2.3% 
Spain 22 5.6% 6.9% 107 5.6% 7.2% 
Sweden 13 3.3% 4.1% 49 2.6% 3.3% 
Switzerland 12 3.1% 3.8% 20 1.1% 1.3% 
United Kingdom 30 7.7% 9.4% 88 4.6% 5.9% 

Subtotal 318 81.5% 100.0% 1496 79.0% 100.0% 

Other European Countries 29 7.4% 190 10.0% 
Non-European Countries 43 11 .0% 208 11 .0% 

TOTAL 390 100.0% 1894 100.0% 

Table 8: Heading B Visitors by Home Countries 

Country Number Proportion Proportion 
of oITotal of EMBL 

Visitors Member 
Countries 

EMBL Member Countries: 

Austria 11 1.7% 2.7% 
Belgium 3 0.5% 0.7% 
Denmark 2 0.3% 0.5% 
Finland 4 0.6% 5.0% 
France 54 8.1% 13.3% 
Germany 137 20 .6% 33.8% 
Greece 1 0.2% 0.2% 
Israel 3 0.5% 0.7% 
Italy 21 3.2% 5.2% 
Netherlands 26 3.9% 6.4% 
Norway 4 0.6% 1.0% 
Spain 6 0.9% 1.5% 
Sweden 18 2.7% 4.4% 
Switzerland 28 4.2% 6.9% 
United Kingdom 87 13.1% 21.5% 

Subtotal 405 60.8% 100.0% 

Other European Countries 10 1.5% 
Non-European Countries 250 37.6% 

TOTAL 665 100.0% 



Delivering on our commitments; financial 
limits 

I am grateful to our governing Council for the extremely positive working rela-
tionship that we have established, and for major decisions on their part which have 
framed the future course of the Laboratory: the approval of our Scientific Programme 
and Indicative Scheme for the 1996-2000 quinquennium; the confidence they have 
demonstrated by granting an unprecedented extension of the Director-General's con-
tract to April 2005; the recent decisions concerning our PhD Programme and Technology 
Transfer activities; and improvements in the Laboratory's procedures (introduction of 
a new category of Ancillary Staff with well-considered terms and conditions of service; 
revision of the staff complement; improved flexibility with respect to delegated author-
ity and the carry-over of funds between years) . The Council's support and decisions are 
a great help for the Laboratory at an important juncture in its history when it must meet 
serious challenges and capitalize on remarkable new opportunities. In the years to come 
we must remain a leading centre for molecular biology research, training and service, 
and thus promote the position of Europe in what promises to be the most important 
area of science in the 21st century. In the next three years these tasks will need to be pur-
sued against a backdrop of severe financial limitations, which I have foreseen since 1993 
and which we are now facing head-on. 

The budgetary ceilings adopted in connection with the Scientific Programme 1995-
2000 envisioned that changes in Heidelberg (including a new Developmental 

Biology Programme and the Visitors Programme) would be accommodated within con-
stant funding, as the activities at Hamburg would be. We have delivered on this chal-
lenge with considerable pain. The small net increase that we have received for the total 
budget (a total of 5.7% over three years) was earmarked for expansion of the Grenoble 
Outstation, the establishment of our new Outstation at Hinxton - the European 
Bioinformatics Institute (EB!), and the launching of a new Research Programme for 
Mouse Genetics at Monterotondo near Rome. The expansion in Grenoble, capitalizing 
on the increased opportunities for Structural Biology at the ESRF, has already taken 
place. This Outstation was reviewed very positively in 1997. Unfortunately, we were 
not in a position to purchase beamline BM14, which we had helped develop at ESRF 
and which became available for purchase. The lack of a dedicated beamline limits the 
scope of the Outstation, including our ability to push forward technologies for the struc-
tural analysis of macromolecules and their complexes. The initial nucleus of the 
Monterotondo Programme has been hired and is already in place in Heidelberg, and 
we expect it to move to Italy in January 1998. 

The Well come Trust Genome Campus at Hinxton near Cambridge houses three insti-
tutions: the EBI, the MRC's HGMP Resource Centre and the Sanger Centre (the 

largest component). It was officially inaugurated in October 1997 with splendid cere-
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Princess Anne was 
guest of honour at 
the inauguration of 
the EBI in October 
1997. 

monies organized by the Wellcome Trust, and with Princess Anne as the guest of hon-
our. EMBL Council was represented by its Chairman, Professor Celis, and researchers 
from EMBL and the two other institutions took this opportunity to display their work. 

Our Bioinformatics Advisory 
Committee (BAC), which 

visits the EBI annually to help 
monitor its crucial early stages, as 
well as the EMBL Council which 
met at Hinxton in July 1997, have 
noted that the EBI has developed 
very well to date, but is experi-
encing serious limitations due to 
a shortage of funding. Even 

though it is Europe's flagship in one of the most rapidly developing areas in biology, it 
is experiencing a shortfall in resources due to: 

• 

• 

• 

A rise in expectations. The successful and timely launch of the EBI, combined 
with the explosive development of bioinformatics in the wake of the unexpect-
ed acceleration of genome sequencing, macromolecular structure determination, 
image analysis etc., has created a dynamic of expectations for EBI services and 
research leadership which cannot be supported adequately by the budgeted 
funds. 

The continuing requirement for capital equipment and infrastructure. We had 
envisaged only modest capital outlays during this quinquenium, relying on the 
major equipment acquired at the start-up of the EBI. In the event, the provisions 
have proven inadequate, because of rapid obsolescence of computers, and the 
accelerating network and computational requirements imposed by the trends in 
bioinformatics. The requirements for annual capital equipment and infrastruc-
ture funding are substantially in excess of what had been budgeted. 

The appreciation of the pound Sterling. Effectively, a substantial budget cut has 
been experienced as a result of the recent strong appreciation of the pound (in 
which most of the EBI's expenditure is denominated), relative to the OM (in 
which EMBL collects income from all the Member States and provides for all of 
its units, including the EBI), and also relative to the ECU (in which the contracts 
from the European Union are paid). 



At the July 1997 meeting I stressed to Council that the highest priority for EMBL is, 
jointly, the successful development of the EBI and the maintenance of Heidelberg 

as a world-class center in molecular biology. I also requested that Council adopt a cur-
rency fluctuation correction for the EBI. I am grateful that this proposal was accepted 
at the December meeting, partially addressing the financial problem of the EBI. 

Changes in leadership and configuration in 
Programmes 

Any healthy institution must be prepared to experience turnover, even in its top 
ranks. Although the occasional early departure of leading scientists from EMBL 

represents serious losses, as has happened recently, it tends to reinforce our institu-
tionalized turnover system and its benefits. 

I n Hamburg, the very effective former Head of Outstation, Keith Wilson, had resigned 
to accept a Professorship at the University of York in 1994. We are grateful that he 

was able to provide continued leadership under a transitional arrangement as part-
time Acting Head, with the able help of Christoph Hermes. Following a search, a new 
team was selected to assume leadership of the Outstation in 1997. Matthias Wilmanns 
was recruited to Hamburg as Head of Outstation, and Victor Lamzin was promoted to 
Deputy Head. Both are now also Group Leaders in protein crystallography, the field of 
research which is at the core of the Outstation's widely appreciated support function 
for the users community. 

At the EBI, in anticipation of Paolo Zanella's 1998 retirement as Head of Outstation, 
a decision was made in 1997 to promote Graham Cameron and Michael Ashburner 

(the Coordinators of the Service and Research Programmes, respectively) to Joint Heads 
of Outstation. The quality and dynamism that the new Outstation has demonstrated 
during the start-up phase is to the credit of all its staff, and in particular to the success 
of the leadership triumvirate, two of whom will remain in place for the crucially impor-
tant second phase. Even before his retirement, I wish to give my special thanks to P. 
Zanella for his vision, skill and boundless energy in building up the EBI, including the 
establishment of its new Industry Programme. 

I n Heidelberg this year, two of our Coordinators announced their intentions to depart. 
In the Summer of 1998, Thomas Graf will move to a Professorship at Albert Einstein 

in New York. We will very much miss the excellent quality of his science and his devot-
ed, loyal and highly successful service to the institution from an important leadership 
position. He established his Differentiation Programme back in 1982, initially focusing 
on oncogenes but allowing it to evolve rapidly with advances in science, in a clear 
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demonstration of how the flexibility of the Laboratory can be put to good use. By 1994 
this Programme had acquired both a world reputation in the biochemistry of cell sig-
naling in growth control and differentiation, and an excellent small core of develop-
mentalists which made the subsequent launch of our Developmental Biology 
Programme possible. 

The longest-serving scientific leader at EMBL, Kai Simons, has also made the deci-
sion to leave sometime in the year 2000. He will be organizing an exciting new insti-

tute of the Max Planck Society in Dresden, where he will be joined by three current 
EMBL faculty members (Group Leaders Marino Zerial and Tony Hyman, and Staff 
Scientist Suzanne Eaton), as well as an EMBL alumnus (Wieland Huttner, now a 
Professor at the University of Heidelberg). We will keenly feel the loss of such an impor-
tant part of our Cell Biology Programme, especially of Kai, who is a world leader in Cell 
Biology and who, together with the past Directors-General, has done more than any-
one else to date to develop the potential and ensure the success of the EMBL. The inter-
view with him in this Annual Report is both a well-deserved tribute and an opportu-
nity to share in his broad perspective and his sense of history. EMBL can be proud that 
such an important new center, the MPI-Dresden, will be our offshoot, in an important 
sense, with all four of its initial Directors originating here and undoubtedly carrying 
with them the EMBL spirit. 

The anticipated departures of K. Simons and T. Graf have led to important changes 
in Heidelberg, in keeping with our tradition of turnover. In the absence of the pos-

sibility of growth, it was timely to rethink the optimum configuration of our 
Programmes, to safeguard the Laboratory's scientific content and its distinguishing fea-
tures such as interdisciplinarity, flexibility, and continuous evolution. The turnover sys-
tem raises special problems for small Programmes, because they can lose strength rap-
idly, or can be tempted to look inward for future recruitments, rather than exploiting 
the interdisciplinary interfaces which are such a great strength at EMBL. After consid-
erable thought, we have decided at this phase to consolidate our activities, into a small-
er number of larger Programmes. 

Thomas Graf's Differentiation Programme had given rise in 1996 to two small but 
closely interacting Programmes, Cell Regulation and Developmental Biology (the 

latter endowed with additional resources). With five groups each, plus one shared 
between them, they were only viable because of their historic links and the close coop-
eration of their respective Coordinators, T. Graf and S. Cohen. The departure of T. Graf 
could have led to divergence and loss of synergy of the Programmes, to their mutual 
detriment. We have decided to combine them into a single and unitary Programme 
spanning their present broad range, under the leadership of S. Cohen. This Programme 
will retain the title Developmental Biology which is widely recognised, covers a broad 
field, and reflects the emphasis that we now wish to give to development. 



The other consolidation is a fusion of Cell Biology with Cell Biophysics into a Cell 
Biology and Biophysics Programme, which will be led by Eric Karsenti from the 

beginning of 1998. Cell Biology has been a flagship Programme at EMBL, and there is 
no question that it will remain an important part of our scientific structure, even as it 
naturally evolves in scientific content. Instrumentation development has been a distin-
guishing feature of EMBL since the beginning, and is now assuming increased impor-
tance through advances in novel microscopies, as well as the imperative for sophisti-
cated spatial and temporal analysis of form and gene expression in the post-genomic 
era. In parallel, a paradigm shift is occurring in the study of biology, from individual 
components to whole systems; this enhances the importance of a new interface with 
physics, with emphasis on rigorous modelling and experimental testing of systems 
properties in biology, as already anticipated in our Scientific Programme 1996-2000. We 
expect the new Cell Biology and Biophysics Programme to push the field forward, with 
an even tighter coupling between biology, the development of instrumentation, and the 
new input from physics. The Cell Biology component was reviewed in 1997; the Cell 
Biophysics component is now scheduled for a review in 1998, which will permit us to 
obtain additional expert advice in the early phase of the reconfigured Programme. 

Continuity with change is of the essence at EMBL. 1997 has been a successful and 
exciting year, setting the stage for our beginning to think ahead with confidence 

to our future and our new challenges in the coming new century. 
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EMBL's work in 1997 provides a 
clear example of how all the sections of a 
multidisciplinary laboratory must collab-
orate to develop a clearer picture of the 
molecular events in the lives of cells and 
organisms. 

This work has added to our under-
standing of very basic questions. For 
example, if all of the cells of a single 
organism share the same genes, why do 
different cells in that organism have such 
different forms, and why do they behave 
so differently? If an embryo's first cells 
have the potential to become any of the 
types that will be found later in the organ-
ism, what is it in the outside environment 
that encourages them to develop along 
specialized pathways? How do signals 
from outside the cell activate and inacti-
vate various genes? How are biological 
molecules processed and transported? 
What tells them where to go in the cell and 
when to start working? 

Although each of the more than 60 
scientific groups at EMBL focuses on spe-
cific questions, their work constantly 
overlaps, and natural collaborations 
develop as researchers pursue the impli-
cations of experiments. A single project 
can lead a biologist in the Cell Regulation 
Programme, for example, to enlist help 
from the Structural Biology Programme 
in making a protein crystal which will be 
examined in the Outstation at Hamburg 
or Grenoble; the results may be processed 
by software developed at Hinxton. 

In this year's report, we have 
decided to tour EMBL from the perspec-
tive of the questions posed by modern 
biology. Research---particularly basic 
research---always lies at the limits of cur-
rent knowledge, and there is no guaran-
tee of a satisfying answer, or even any 
answer at all. But the fact that EMBL hosts 
so many groups, asking so many different 
kinds of questions across the whole spec-
trum of molecular biology, means that the 
work of the Laboratory at any given time 
is like a snapshot of what we know well, 
what we can guess with fair certainty, and 
what we would like to know the most. 
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Passing Information to 
the Interior of Cells 

Egg cells of the frog Xenopus are arrested in an 
immature state until a signal from outside triggers 
lheir next developmental step. 

Molecular signals from outside give the cell 
important cues as to when it should divide, how it should 
behave, and what developmental path it should take. 
Once these signals have been received, they are trans-
mitted into the cell and are amplified and passed along a 
chain of protein interactions until they reach the cell 
nucleus, where information contained in genes is acti-
vated. Analysis of such cascades can yield vital infor-
mation about dysfunctions-for example, how cancer 
causes cells to begin a cycle of uncontrolled proliferation. 

One important area of research at EMBL exam-
ines how signals are received by the cell, how informa-
tion is transmitted thrcrugh the cytoplasm to the nucle-
us, and how the cell responds. 



Receiving signals: axon pathfinding 
in the brain 

All cells have to be receptive to information about their surroundings. 
They encounter messages in the form of molecules called ligands, which are 
released by or embedded in the surfaces of other cells. Messages are received by 
proteins called receptors, which extend outwards from the cell membrane like 
antennae; each antenna passes through the membrane and has a tail just inside 
the cell, in the cytoplasm. Successful reception of a message outside-when a 
receptor meets an appropriate ligand-changes the chemical structure of the tail 
inside the cell, and the information can be passed along. 

Growing neurons make special use of receptors during brain develop-
ment. They establish networks in the nervous system by stretching long exten-
sions, axons, over great distances to reach the next cell. Axons from the retina of 
the eye, for example, must wander to the back of the brain to make connections 
to cells in the optic centres. An axon may have to grow several centimeters to find 
a target that is far less than a millimeter in size. In some animals with genetic 
mutations, the extension takes a tiny detour or fails to find its target, which can 
result in disturbances in the visual system or even blindness. 

The axon carries on a continual molecular dialogue with neighboring cells 
that tells it where to go and where to attach itself. Some of this pathfinding activ-
ity depends on molecules called Eph proteins anchored in cell surfaces. Until 
recently, these proteins were presumed to be receptors, but work by RUDIGER 
KLEIN'S group (Cell Regulation) has challenged this view of the role of Ephs. 
When interacting molecules are both proteins embedded in cell membranes, it 
may be difficult to determine which partner is acting as the receptor and which 
as the ligand. 

Eph molecules on axons have been thought to recognize ligands called 
ephrins, acting like signposts, on the surfaces of cells along their path. Most of 
these encounters instruct the axon to change directions and seek its target else-
where. At some point, however, it recognizes a signal to stop and attach to a cell. 
Experiments by Klein's group suggest that ephrin signposts might actually be 
receiving signals, rather than sending them. 

One of the best ways to study the function of proteins like Ephs is to 
observe the development of mutant animals that don't have them. In collabora-
tion with Tony Pawson (Toronto, Canada), Klein's group examined the brains of 
mutant mice whose nerve cells didn't contain a particular kind of Eph called 
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EphB2. They discovered that a 
type ofaxons did not grow 
along its normal path. Instead 
of turning at a critical junction 
and crossing from one side of 
the brain into the other, the 
axons in the mutants followed 
a more or less straight path and 
eventually attached to targets 
on their own side. This was sur-
prising because in normal mice, 
the particular axons which 
were affected don't even carry 
EphB2 "receptors" . EphB2 is 
normally found in the surfaces 
of cells where the axons should 
have changed directions. What 
is present on the axon, Klein's 
group showed, is an ephrin lig-
and (ephrin-Bl) that EphB2 
proteins can recognize. 

Wondering why the 
axon was missing its turn, the 
researchers decided to take a 
closer look at EphB2 with 
another powerful tool used in 

In the brains of mutant mice 
lacking the EphB2 protein, certain 
axon bundles do not cross from one 
half of the brain into the other. 

normal brain 

mutant brain 

the examination of protein functions: instead of removing EphB2, they altered it. They 
made a form of the protein lacking its tail inside the cell-like removing the radio receiv-
er from an antenna-which should have made the protein just as ineffective as if it were 
completely missing. This was not the case; axons in the mice resumed their normal 
course. The experiment showed that axons only needed to sense the part of EphB2 on 
the outsides of other cells to follow their normal path. EphB2 was looking more and 
more like a ligand. 

If EphB2 wasn't acting like a receptor, could its complementary ephrin on the 
axon be acting like one? Like receptors, ephrin-Bl molecules span the membrane, from 
the cell interior to the exterior. When Klein's group put them into contact with EphB2 
in tissue cultures, they observed a chemical change in ephrin-Bl's internal tail: other 
proteins attached phosphates to it. This is a hallmark of many receptors that have rec-
ognized a signal. So under certain circumstances, ephrins might function as receptors, 
and Klein's group is now investigating the way that ephrins transmit signals into the 
cell. 



Transmitting signals: Src and other kinases 

No matter what a signal eventually tells a cell to do-to attach somewhere, to 
divide, or to begin the process of differentiation-the initial step is usually the same: a 
receptor senses a molecule outside and is activated, like a switch that is flipped to turn 
on a transmitter inside the cell. This is only the first in a long series of events. The trans-
mitter may flip on other molecular switches, or turn some off, or do both simultane-
ously. The cellular machines that are then activated may turn on ten more, or turn off 
some that are doing important things, and soon the signal has changed the balance of 
the cell's activities. These steps all have to be coordinated and regulated for the cell to 
go about its day-to-day business. A single malfunction can lead to death or the out-of-
control growth that occurs in cancer cells. 

One of the most common ways in which information is passed through the cell 
uses phosphate groups as switches. When a receptor senses an outside signal, a typical 
result is that its cytoplasmic tail acquires phosphates. The change is recognized by other 
proteins, which then pass information along in the form of changes in their own struc-
ture. Soon the message reaches a class of proteins called kinases, enzymes which add 
phosphates to other proteins; some kinases have the sole job of switching other proteins 
on and off by this process of phosphorylation. This may go on and on in a long cascade 
of signaling. 

To understand why phosphorylation turns a particular protein on or off, it is often 
necessary to have a precise picture of the protein's structure. Proteins are put together 
by the cell in a linear way, like a string of letters. Knowing the head-to-tail order of the 
letters-amino acids-does not give a complete picture of how a protein functions, 
because the amino acids interact with each other and this causes the protein to fold. 
Phosphorylation can change one three-dimensional pattern of folding into another, 
which may change the way a protein's atoms interact with those of its neighbors. 
Structural biologists have developed methods of crystallizing proteins which fix the 
molecules in a particular configuration; this permits analysis by X-ray diffraction and 
other methods. John Kendrew, EMBL's first Director-General, won the Nobel Prize in 
1963 for describing the structure of the first protein using these techniques. 

In 1997, the groups of RIK WIERENGA (Structural Biology) and GIULlO SUPERTI-
FURGA (Cell Regulation) were able to get a look at the three-dimensional structure of an 
important protein called Src. Src is a kinase which attaches phosphates to specific amino 
acids (tyrosines) in other proteins. Its activity in the cell has been studied intensively 
for years, partly because one type of Src (v-Src) was discovered in the first virus known 
to cause The viral form is very similar to a version produced by most cells (c-
Src) which is involved in several vital functions including cell growth. Studies of Src 
have provided a great deal of basic information about how signalling molecules work. 

23 -



When c-Src is switched on, it can tell the cell to divide. Since cells shouldn't repro-
duce all the time, they have repressive mechanisms that turn the protein off again. The 
tumor virus brings along a deregulated version of Src that never becomes inactive, so 
the cell never stops multiplying. Researchers can also create a version of c-Src that is 
permaner.tly switched on, by modifying or removing parts of the protein. Scientists 
needed a clear picture of c-Src's structure to understand how its switch worked. X-ray 
studies of c-Src crystals by Wierenga's group provided this crucial information. 

The amino acids in the protein are organized from beginning to end into func-
tional regions: SH3, SH2, a linker domain, the catalytic domain which phosphorylates 
other proteins, and a tail region. When the tail is free, Src's catalytic domain can pass 
signals along by adding phosphates to other proteins. But the tail contains a tyrosine, 
which itself is the target of other kinases. When it is phosphorylated, it is folded back 
into contact with the SH2 region. There are other changes as well: in the inactive con-
figuration, SH3 and catalytic domain lie in close proximity, with the linker region sand-
wiched in between. The tight fold causes molecular contacts between the linker and the 
domains on either side. Although these contacts are weak, they must exist if c-Src is to 
be switched off. Superti-Furga's group made mutant forms of the protein with a slight-
ly different linker region to show that disturbing its contact with either neighboring 
domain creates a permanently-active version of Src. 

SH3 
domain 

SH2 
domain 

catalytic 
domain 

The structural pic-
ture of how the inactive 
form of c-Src is folded may 
tell us how other sig-
nalling molecules affect its 
activity. Binding forces 
between the domains are 
important, but weak; this 
might render points of 
contact susceptible to 
competition from other 
proteins, which appropri-
ate the site and disrupt 
connections that are nec-
essary to turn Src off. This 
information may help 
researchers to understand 
how several other phos-
phorylating proteins are 
activated and inactivated. 
Superti-Furga's group 

This picture of the arrangement of 
domains in Src's inactive form has 
helped researchers to understand how 
the protein is regulated. 

found that a kinase called 
Abl, also implicated in 



tumors, has SH3 and linker domains arranged like Src's, and they play the same role in 
turning off Abl's catalytic domain. 

LUIS SERRANO'S group (Structural Biology) has used Abl to explore an intriguing 
idea: knowing a kinase's structure may make it possible to design artificial molecules 
that can only bind to a specific domain and are thus able to switch the protein on or off. 
Serrano's group wants to know how sequences of amino acids in small parts of proteins 
determine how a region will fold. Using computer-assisted modeling techniques, the 
researchers recently designed a small protein chain-a peptide-folded in such a way 
that it binds with high affinity to Abl's SH3 domain. Developing similar artificial pep-
tides may provide us with a better view of how signaling proteins are regulated, and 
since these proteins often promote growth in cancer cells, such research may lead to 
ways to control their activity in tumors. 

The normal regulation of Src and Abl is disrupted in mutant forms, making them 
too active, but mutations in other kinases can reduce their activity. A kinase called Btk 
helps certain cells in the immune system to differentiate; it is involved in transmitting 
a signal that tells them to become mature, antibody-producing B-cells. Patients with 
mutations in the gene that carries the Btk code suffer from a disease called XLA; they 
have too few antibodies and are highly vulnerable to infectious diseases. 

Like Src, Btk has an SH2, SH3, and a catalytic domain. It also has a region called 
the PH domain, which is found in over a hundred other proteins. PH domains can bind 
to certain components embedded in the inner side of the cell membrane. Patients suf-
fering from XLA often have mutations in this region. A 1997 X-ray crystallography study 
by MATTI SARASTE'S group (Structural Biology) has provided a close look at the struc-
ture of the PH domain; once again, this clear picture offers a clue as to how the protein 
functions. Many of the mutations seen in XLA patients occur in a particular surface of 
the PH domain that is thought to bind to the membrane. Btk may have to establish this 
connection in order to transmit important signals. If the binding site is disturbed by a 
mutation, Btk may not receive the message that it is supposed to send on. 

Signal transmission plays an extremely important role both in normal cell activ-
ity and in phases of change like cell division or differentiation. Collaborations between 
biologists who focus on the atomic structure of proteins and those more interested in 
biological functions are steadily unifying the two approaches, yielding answers which 
may someday be of major importance in designing novel anti-cancer drugs. 
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Interpreting signals: from the cytoplasm to the 
nucleus 

The ultimate destination of most signals is the cell nucleus, where certain pro-
teins can attach to genes and activate or deactivate genetic material. Since genes hold 
the blueprints for RNAs, which are used to synthesize the proteins in the cell, signals 
from outside often cause cells to produce a new combination of proteins. 

But some cells react in a different way because their genes are inaccessible. Many 
egg cells, for example, can't make use of their genetic information to produce proteins 
until they have been fertilized. Instead, they have to respond to signals using proteins 
which have been put into the cytoplasm by the mother. ANGEL NEBREDA'S group in the 
Cell Regulation Programme studies amphibian egg cells (oocytes) which receive signals 
guiding them through the final developmental steps prior to fertilization. Egg cells 
begin to develop, but proteins circulating in the cytoplasm shut the process down, send-
ing the cell into a sort of holding pattern. Development can only continue when a hor-
monal signal from the outside shuts the proteins off; this reactivates maturation and 
prepares the oocyte for fertilization by sperm. 

Nebreda's group investigates how the initial signal is then transmitted on by pro-
tein switches called MAP kinases. These proteins phosphorylate other enzymes, which 
in turn switch off the proteins that prevent the oocyte from maturing. This is one of 
many cases where a single response from a cell may be built on a long, complex chain 
of enzyme activity. 

MAP kinases play an important role in transmitting signals in other kinds of cells, 
too. Some of the proteins they phosphorylate are transcription factors-molecular switch-
es that enter the nucleus, attach to specific sites in the DNA, and turn genes on or off, 
stimulating or repressing the production of RNA. DIRK BOHMANN'S group (Cell 
Regulation) has studied the way signals get from receptors on the cell surface to two 
transcription factors called fun and Fos. These proteins have been identified as proto-
oncoproteins, which means that they have mutant forms which can prompt a cell to 
divide even in the absence of normal outside stimulation. Combined with other changes 
inside the cell, such mutations can lead to the development of tumors. 

At the beginning of 1997, it was already known that phosphorylating Jun could 
help it bind to its target genes and could promote the production of RNA. Bohmann's 
group wanted to know more about Jun's activation. Like the Src enzyme, Jun has a cel-
lular form (c-Jun) as well as a viral form (v-Jun) which is associated with tumors. c-Jun 
isn't usually active very long; it is one of many proteins made by the cell that do their 
jobs and must be taken apart quickly. Other enzymes have the job of recognizing these 



short-lived proteins and giving them molecular tags marking them for degradation. The 
viral form of Jun escapes tagging because it is missing the domain that the enzymes rec-
ognize. So v-Jun doesn't get tagged, Bohmann and his co-workers found, which allows 
it to remain active longer than c-Jun. 

In some cancer cells, the cellular form of Jun also exceeds its intended life-span, 
and Bohmann's group discovered a possible explanation. Enzymes somehow have a 
harder time attaching degradation tags to the protein if it has been phosphorylated by 
MAP kinases. Since increased MAP activity is a characterstic of certain types of tumor 
cells, creating a permanently-activated signaling pathway, c-Jun might also be more 
active, allowing it to exert more influence on the genes of these cells. 

Jun and Fos, like many other transcription factors, are involved in the transmis-
sion of a variety of signals-some telling the cell to divide, others telling it to differen-
tiate into new cell types. The content of the message that ultimately arrives at the genes 
depends on how other proteins activate these factors in different contexts during the 
cell's life-cycle. 

Sometimes proteins can't function by themselves; many need to form a two-pro-
tein complex called a dimer to do their jobs. Such is the case with a transcription factor 
called Myc-which, like Jun, binds to DNA sequences in genes to playa role in cell divi-
sion and differentiation. When Myc forms a dimer with a second molecule, Max, the 
complex can activate transcription in target genes. Myc is a short-lived molecule like 

Two scissor-like 
dimers of the Max 
transcription factor, 
each bound to a short 
DNA molecule. 

Jun, while Max is fairly stable. If Max doesn't find a Myc molecule to bind to, it can form 
a dimer with a second Max. This complex can bind to the same target site as the Myc-
Max dimer, but instead of activating transcription, the two Max molecules inhibit the 
process. 

DIETRICH SUCK and his group (Structural Biology) are focusing on the way that 
proteins recognize structures in the DNA and bind to them. X-ray crystallography stud-
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ies completed in 1997 revealed how Max does this: the two proteins in the dimer are 
held together by a long region of molecular contacts, and they straddle their DNA tar-
get sequence like an open pair of scissors. The blades of the scissors extend to the right 
and left of the double helix and have several points of contact with it. Two of the amino 
acids which lie close to the DNA had previously been shown to be targets of kinases. 
When these are phosphorylated, Max can't bind to DNA, as if the scissors can't close. 
Findings by Suck's group suggest that this may be due to electrostatic repulsion between 
the phosphorylated amino acids and the DNA. 

To do these studies, the researchers had to obtain Max dimers in crystal form, a 
process which stacks millions of copies of the protein in regular lattices. Suck and his 
group made an interesting observation about the resulting configuration: each dimer 
established extensive contacts with one of its neighbors. If such interactions also take 
place in living cells, they could explain how Max inhibits the transcription of a gene. 
Separate Max dimers attached to distant sequences could draw together, pulling the 
DNA between them into a loop, and somehow this configuration seems to prevent the 
transcription of nearby genes into RNA. 

Transcription factors and cell differentiation 

Although a single cell's genes contain all the information necessary to produce 
any type of cell found in a mature organism, only a few cells have the potential to actu-
ally do so. Early embryonic cells have this capacity, but their daughter cells become 
more and more restricted during development. On the way to its mature, differentiat-
ed form, a cell follows a branching pathway where each fork represents a normally irre-
versible decision about the cell's fate. Signals from outside tell it which direction it 
should take by influencing transcription factors, which combine to activate and inacti-
vate certain genes. A cell type is thus defined by the repertoire of genes that find their 
expression in proteins. 

THOMAS GRAP'S group (Cell Regulation) investigates stem cells in the early embryo 
which will branch off into several types of cells found in the bloodstream, including red 
blood cells and certain kinds of immune system cells. The group is trying to determine 
which transcription factors play the most critical roles in instructing cells to commit 
themselves to specific branches. Sometimes the presence of a single transcription fac-
tor determines whether or not a signal reaches a gene and sends the cell down a new 
developmental pathway. The cell creates these transcription factors itself-the pattern 
of active and inactive genes at any given time determines what the protein content of 
the cytoplasm will be-leading to an intriguing question. If the transcription factors 
involved in differentiation have such sweeping effects on a cell's genetic programme, 



the cell has to regulate them strictly. What 
happens if a daughter cell from one branch 
produces transcription factors critical in 
defining another type? How would the cell 
respond to inappropriate developmental 
signals which were now allowed to reach its 
genes? 

Experiments show that in some cases, 
the presence of new transcription factors 
causes cells to reverse their developmental 
programme and jump onto a branch nor-
mally occupied by their" cousins". The work 
of Graf's group indicates that cell differenti-
ation may not be absolutely final: cells at the 
end of the line may retain more flexibility 
than previously thought. 

Most cells are eager to differentiate. Within a few generations, embryonic cells 
have committed themselves to the general developmental pathways that they will fol-
low until adulthood. This is not true of cells in the germline-future egg and sperm cells. 
Germline cells will form the embryos of the next generation, which means that they 
have to keep the potential to produce every type of daughter cell. During the earliest 
stages of embryonic development, the distinction between germline cells and those that 
will differentiate into the cells of the body does not yet exist. How this distinction devel-
ops in mammalian embryos is currently under debate by developmental biologists. 

HANS SCHOLER'S group (Gene Expression) is focusing on a mouse transcription 
factor called Oct-4 that may provide the first molecular handle to address these ques-
tions. Oct-4 is expressed in a distinctive way in the germline cells of mammals, where 
it seems to playa critical role. As soon as embryonic cells stop expressing they 
start to differentiate into specific non-germline types. Just as the Graf group has been 
gathering evidence that transcription factors not only define a cell type, but may be cru-
cial in pushing a cell along a certain developmental pathway, the work of Scholer and 
his group indicates that Oct-4 may well have a function in keeping germline cells on 
track. 

To understand how Oct-4 does this, the target genes activated by the transcrip-
tion factor have to be identified. Oct-4,like other transcription factors, is itself produced 
by a gene in the nucleus. Scholer's group has identified sequences in the gene that are 
responsible for switching on Oct-4 expression in germline cells, and switching it off 
when a cell commits itself to another developmental pathway. 

Platelet 

Macrophage 

Eosinophil 

Red blood cell 

Differentiation of 
blood cells is regu-
lated by transcrip-
tion factors . Some of 
them act to prevent 
particular develop-
mental decisions. 
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FRANK GANNON'S group is investigating how transcription factors determine cell 
differentiation: what regulates the production of transcription factors themselves? Cells 
in different tissues sometimes have to be able to respond to the same substance in dif-
ferent ways. One way the cell can control these events is by regulating a gene so that it 
produces more-or shuts down the production-of a particular transcription factor. 
Gannon's group is studying the regulation of a gene which produces a protein com-
bining the features of a transcription factor and a receptor molecule-it activates tran-
scription only when it binds to the hormone estrogen. Once a cell produces this estro-
gen receptor, the hormone can have a dramatic effect on the cell's behavior. The 
researchers have identified specific regions of the gene that control the production of 
the protein; now they are trying to identify other transcription factors which act on these 
areas in the gene. 

For many years, mutations in the gene which produces another transcription fac-
tor, called T protein, have been known to affect development in mice. If the mutation 
occurs on one chromosome, mice have short tails; if it appears on both, it is fatal. 
Mutations in a directly-related human gene lead to serious developmental flaws in the 
heart and limbs. Although researchers knew which of the amino acids in the protein 
sequence were affected, they needed a picture of the protein's three-dimensional struc-
ture to determine how these changes influenced development. 

The transcription factor 
T (red) binds to its DNA 
target (blue) as a sym-
metrical dimer. 

To do their jobs, transcription factors have to be activated properly by the correct 
signals and inactivated at the right times; they also have to be able to bind to the cor-
rect gene and promote its transcription into RNA. Mutations which affect any of these 
activities can render the protein partially or totally unable to regulate its target gene. 

CHRISTOPH MULLER'S group at the Grenoble Outstation managed to grow crystals 
of a large part of the T protein, bound to a DNA molecule that had been synthesized by 
RAMON ERITJA'S group (Biochemical Instrumentation). The crystals were analysed with 
X-rays at the Grenoble Outstation, giving the researchers a look at how T protein muta-



tions fit into the larger context of the protein's structure. Muller's group saw that these 

mutations occur at sites which are involved in binding the transcription factor to its tar-

get DNA. If the altered protein is able to bind at all, it probably binds incorrectly, pre-

venting the correct expression of target genes that playa crucial role in development. 

The group's collaborators are now investigating ways in which this knowledge might 

be put to medical use. 
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Switching off genes 

The best way to investigate the effects that proteins such as transcription factors 
have on cells or organisms is to observe what happens when the protein is missing. 
Some mutant organisms are missing a gene, or have a permanently inactivated gene, 
so the corresponding protein can never be produced. To discover the function of the 
missing molecule, researchers look at changes on all levels-in the internal activity of 
the cell, in cell interactions (as in the case ofaxons and Eph proteins), and in the devel-
opment of the whole organism. This method is very effective if a scientist wants to study 
the role of a protein at a very early stage of development, but studying its effects in later 
phases is often very difficult because the protein may well have had another important 
function at an earlier stage. Its absence can lead to the death of the embryo before later 
effects can be studied. 

There are ways to circumvent this problem. FRANCIS STEWART'S group (Gene 
Expression) has developed a new tool that acts as a gene switch, allowing the researchers 
to turn off genes at any point in development that they choose. They do this by coordi-
nating the action of two kinds of proteins in a novel way. 

The first type, a recombinase, is what actually switches the gene off. Some recom-
binases recognize very specific DNA sequences where they bind and make a cut. When 
two cuts are made simultaneously in neighboring regions, the sequence between them 
is removed and the recombinase closes the gap. If a gene is contained in the excised seg-
ment, it will be lost, making the cell and its descendents unable to produce the gene's 
corresponding protein. Thus one way to get rid of a gene is to create cells with recom-
binases that will make cuts in the right places. 

Unless you can control the time that this happens, however, the cell will never 
have the protein in question, and this doesn't solve the problem of pinpointing the pro-
tein's role at only one specific developmental moment. So Stewart's group went look-
ing for a way to put recombinase on hold-keeping it away from the DNA-until they 
wanted to activate it. 

They did this by hooking a protein switch up to it. Some transcription factors 
(like the receptor for the estrogen hormone) are only activated when they encounter 
and bind to a particular ligand. One specific region of the transcription factor is respon-
sible for this, and this segment can be fused onto a recombinase, which will now stay 
inactive until the ligand switches it on. The new recombinase is put into mouse cells. 
Since mice don't naturally have the hormone, or whatever triggering ligand is used, 
their cells will behave normally until the ligand is administered. This activates the 
recombinase and knocks out the gene. The cell ceases production of a particular pro-
tein at a precise moment in development, and its role after that phase can be studied. 
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This way of switching genes off at such precise moments can be a very powerful 
tool, and Stewart's group is exploring potential applications with other laboratories 
both inside and outside EMBL. 

Genes in chromatin 

Stretched out in a straight line, the DNA in a single human cell would have a 
length of about two meters, but at times the combined length of the 46 chromosomes in 
the cell nucleus is approximately a billionth of this. DNA found in the nucleus of cells 
is not a naked molecule-it is tightly wrapped around molecular spools called nucleo-
somes, which are themselves coiled into a more condensed form. The term chromatin 
refers to this complex of DNA and proteins. 

Chromatin's packaged structure has to be opened up before proteins can tran-
scribe, recombine, repair or replicate the DNA. If a transcription factor wants to bind to 
a specific DNA sequence, for example, it can usually do so only if the site is not occu-
pied by a nucleosome. One of the questions PETER BECKER (Gene Expression) and his 
collaborators address in their experiments is how proteins overcome this obstacle. 

Trying to analyze chromatin in its native environment is tedious, and studies 
rarely allow clear conclusions about the mechanisms and molecules involved. Becker's 
group has taken the approach of reconstructing chromatin in the test tube. They 
observed abundant chromatin building activity in extracts taken from the embryos of 
fruitflies: if purified DNA is put into these extracts, it is efficiently packaged into com-
plex chromatin structures. This provided a good test-tube system to study chromatin 
dynamics. When the researchers used the method to obtain long arrays of nucleosomes, 
they observed that nucleosome spools are not fixed at defined positions on the DNA 
molecules; instead, they seem to be able to move along the DNA in a highly dynamic 
way. But this has a high cost in energy in the form of the cell's energy currency, ATP, 
which suggests that the chromatin is being actively, continually remodeled. 
Nucleosome movement probably opens and closes the binding sites that transcription 
factors are looking for. A target gene can be expressed when the site is accessible. 

Becker and his group managed to reproduce this dynamic remodeling of chro-
matin in the test tube using a complex of five different proteins purified from the embryo 
extracts, which they called Chromatin Accessibility Complex (CHRAC). This complex 
allowed proteins to interact with the DNA in chromatin and required an expense of 
energy similar to what the group had observed in the crude extracts. 



The researchers now wanted to identify the five proteins in CHRAC, so they 
enlisted the help of the group of MATTHIAS MANN from Biochemical Instrumentation. 
Using a very sensitive protein sequencing method based on mass spectrometry, they 
have now pinned down the identity of two of the five-interestingly, these proteins are 
familiar; they have been found in another complex called NURF, which also remodels 
chromatin. Both proteins consume ATP, which might explain the expense of energy 
observed in CHRAC experiments. So while cells may use different molecular machines 
to change the structure of their chromatin, these machines may share some of the same 
molecular subcomponents. Becker's group is now trying to determine how each of 
CHRAC's proteins contributes to its activity. 

Two HYPOTHESES: 

ATP ATP 
CHRAC CHRAC 
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Does CHRAC remodel chromatin 
by sliding nucleosomes around ... . .. or does it help to disassemble them? 

Revising RNA through splicing 

In a cell, the flow of information means the traffic and modification of molecules. 
Genes pass along.hereditary information when cells reproduce, but the information that 
they contain is also vital to the daily activity of the cell. The way that they do this was 
called the "central dogma" of molecular biology by Francis Crick in 1956: DNA makes 
RNA makes protein. A DNA sequence is read and transcribed into an RNA molecule 
piece by piece. This RNA messenger leaves the nucleus and enters the cytoplasm, where 
its information can be read and translated into a protein. 
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Over the years our understanding of this process has undergone considerable 
refinement. One important observation was that not all of the information encoded in 
the genes of eukaryotic organisms appears in their protein products-some of it gets 
lost along the way. A typical gene is composed of exon sequences which will be repre-
sented in protein, and intron sequences which will not. RNA contains both types of 
sequences when it is transcribed directly from a gene, but the introns have to be removed 
by splicing before the RNA can leave the nucleus and become translated into a protein. 
Large particles called spliceosomes carry out this complex job of cutting and pasting. 

Spliceosomes have to recognize molecular signals that mark the beginning and 
end of an intron segment; they have to cut the RNA precisely at the border between 
introns and exons; finally, the remaining exons have to be rejoined into an edited RNA 
molecule. BERTRAND SERAPHIN and his group (Gene Expression) are using yeast cells to 
study how spliceosomes accomplish this. By changing small regions of the RNA, they 
are determining which sequences a spliceosome recognizes at the borders of introns and 
exons and how it interacts with the RNA to make correct cuts. 

Spliceosomes are composed of a number of large sub particles, each of which may 
contain an RNA and several proteins. Every particle has a specific function during splic-
ing. The Ul particle, for example, recognizes a sequence that tells it where an intron 
begins and binds to it. Although several proteins in yeast Ul had been previously iden-
tified, its exact molecular composition was unknown until 1997. A collaboration 
between the laboratories of Seraphin, MATTHIAS MANN (Biochemical Instrumentation) 
and Reinhard Liihrmann (IMT, Marburg) succeeded in isolating UI from yeast cells, 
purifying it, and identifying all of its proteins by mass spectrometry. Several of the pro-
teins they discovered are unique to the Ul particle; others can be found in other splic-
ing particles. The researchers have also identified five entirely new proteins in Ul. 

The fact that RNA is spliced is one refinement that had to be made in the "cen-
tral dogma"; another was the discovery that the same RNA can be spliced in different 
ways, ultimately leading to the synthesis of different protein variants with distinct prop-
erties and functions. Splicing alternatives are regulated during cell differentiation and 
development. 

JUAN VALCARCEL and his group are studying how Sex-lethal (Sxl), a protein which 
is expressed only in female Drosophila flies, controls certain splicing processes unique 
to females. They had previously shown that Sxl binds to a particular site in one RNA 
where it blocks access of a splicing factor called U2AF. 

The group has now turned its attention to the effects of Sxl on other RNAs. In one 
of these, which they are studying in collaboration with the group of MATTHIAS HENTZE 
(Gene Expression), Sxl behaves differently depending on where it is in the cell. In the 
nucleus, Sxl prevents a spliceosome from excising an intron located near the beginning 
of the message. When the complex of Sxl and RNA leaves the nucleus and enters the 



cytoplasm, Sxl prevents translation of the RNA into protein. This is a good example of 
how the same protein can coordinately regulate distinct processes in different com-
partments of the cell. 

Nuclear import and export 

The membrane that separates a cell's nucleus from the surrounding cytoplasm is 
a barrier to material that seeks to enter or leave. Proteins need to enter the nucleus to 
fulfill important functions, and RNAs must leave before they can be translated into pro-
teins. Traffic in and out passes through holes in the membrane formed by a huge struc-
ture known as the nuclear pore complex (NPC). Although small molecules are able to 
move freely between the nucleus and the cytoplasm,larger molecules traveling in either 
direction have to be recognized by doorkeeping proteins which line the rim of the pore. 

The doorkeeper can't recognize a protein or RNA until the cell has attached 
another protein to it which functions like an entry or exit permit. In 1994, researchers 
identified a carrier protein which shuttles back and forth, picking up proteins in the 
cytoplasm and importing them into the nucleus. But until 1997, no carriers that export-
ed material from the nucleus had been found, despite strong indications that they exist-
ed. 

Studies of the AIDS virus had shown that something like export carriers were at 
work in the cell, because the virus overcomes cell security measures that are supposed 
to prevent unspliced RNA from leaving the nucleus. Rev, a protein produced by the 
virus, enters the nucleus and binds to RNA that the virus needs to have in the cyto-
plasm. One segment of Rev is a nuclear export sequence (NES) that acts as an exit pass 
which the nuclear pore complex recognizes. An experiment showed that it was possi-
ble to block the export of virus RNA by flooding the nucleus with NES, but this also 
kept two types of cellular RNA from leaving. Rev seemed to be exploiting one of the 
cell's normal routes for exporting these RNAs out of the nucleus. Too much NES was 
probably taking up slots normally reserved for the export of molecules containing this 
type of signal. 

Experiments had shown that a toxin called leptomycin could keep the viral Rev 
and one type of cellular RNA inside. Leptomycin seemed to be interfering with a pro-
tein carrier, but no one knew which protein this might be. Researchers found that a 
mutant strain of yeast resistant to the toxin contained an altered form of a protein called 
CRM1, suggesting that this protein might be involved in RNA transport. lAIN MATTAI's 
group (Gene Expression) was thus able to identify CRM1 as the first export carrier. 
Interestingly, CRM1 is related to carrier proteins involved in import. More than 20 pro-
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teins in this family have been discovered; the other members may also play roles in the 
import and export of material through the nuclear membrane. 

An intriguing question was how the carrier knows where it is-and thus whether 
it should pick up a protein cargo or release it. A protein called Ran provides this infor-
mation. Ran belongs to a large family of similar proteins called small GTPases, which 
can switch back and forth between two different forms. When the carrier enters from 
the cytoplasm, the form of Ran found in the nucleus binds to it, tells it to release its 
cargo, and escorts it back to the cytoplasm. There Ran converts into a second form that 
releases the carrier, which is now free to pick up another protein headed for the nucle-
us. The crucial difference between the nucleus and the cytoplasm, then, is the distribu-
tion of different forms of Ran, and this tells carriers how to behave. 

An experiment by Mattaj's group demonstrated that Ran was also involved in 
exporting RNA. They filled the nucleus with the wrong form of Ran-the cytoplasmic 
form. The procedure hindered the import of material, but even more interestingly, the 
export of RNA as well. This suggested that the cell mechanisms that sent RNA out of 
the nucleus were very similar to those that brought proteins in, because the same treat-
ment that interfered with incoming traffic also closed the exit route. Further experiments 
showed that in the nucleus, Ran is found in a three-protein complex with the export car-
rier CRMI and its cargo. Thus the nuclear form of Ran has two functions: it induces car-
riers to let go of cargoes they have brought into the nucleus, and other carriers seem to 
depend on Ran when picking up cargo for export. 

Certain viruses like HIV-l can't reproduce unless they hook their RNA and pro-
teins to cellular proteins that can carry material into and out of the nucleus. This makes 
such experiments crucial to research into the mechanisms of viral diseases. 



The nuclear form of 
Ran (+) prompts 
import carriers to let 
go of their cargoes in 
the nucleus. 

Export carriers pick 
up cargoes with the 
help of nuclear Ran 
and release them 
side the nucleus when 
Ran converts into its 
cytoplasmic form (-). 
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The synthesis of protein from messenger RNA is the prerequisite for essentially all bio-
logical activity in cells. Ribosomes, large complexes of proteins and RNA, serve as the cell's 
factories for protein production. They attach to a messenger RNA in the cytoplasm and read it 
from the beginning to the end, translating it word by word into protein. 

Proteins that will build the interior of the cell and the nucleus are synthesized and released 
directly in the cytoplasm. These proteins find their correct positions within the cell through inter-
actions with other proteins or cell structures. Proteins destined to be embedded in membranes 
or secreted from the cell, on the other hand, are translated as they are inserted into a labyrinth 
of membrane cavities called the endoplasmic reticulum (ER), which also synthesizes membrane 
components called lipids. Past the ER, a group of stacked membranes called the Golgi complex 
modifies, sorts, and packs proteins that will be secreted from the cell or delivered to its organelles. 

tRNA and translation accuracy 

When a gene is transcribed, the four-letter code of DNA is copied into the four-
letter code of RNA. The translation of RNA into protein is more demanding: ribosomes 
must recognize whole words (codons) in the messenger RNA, each consisting of three 
letters. The codons have to be translated into a linear protein sequence written in a 
vocabulary of 20 different amino acids. 

Ribosomes rely on a number of additional macromolecules to help them make 
proteins. Among these are adaptor molecules called transfer RNAs (tRNAs). tRNAs have 
two ends: one contains a short RNA sequence that fits a particular codon, and the other 
end carries the corresponding amino acid. The job of the ribosome is to read a codon in 
the RNA and find a tRNA that fits, then to add its amino acid onto the growing protein 
chain. The ribosome releases the tRNA, which goes off to find another amino acid. 

Cells can't afford to make mistakes during this process. A single wrong amino 
acid in a huge protein-which may consist of hundreds of them-may render the whole 
protein useless or even dangerous to the cell. Another problem is that ribosomes are 
incapable of recognizing a wrongly-loaded tRNA; if one end of the tRNA matches a 
codon, the ribosome will add whatever amino acid it bears to the protein, like a mail-
man who delivers a letter to the address on the envelope, regardless of its contents. So 
tRNAs have to be loaded with the proper amino acids, which is the job of a special class 
of enzymes called aminoacyl tRNA synthetases. There are twenty of these enzymes, and 
each is responsible for binding one type of amino acid to the correct tRNA molecule. 

Over the past few years, experiments performed in the labs of STEPHEN CUSACK 
and REUBEN LEBERMAN at EMBL's Grenoble Outstation have described the structures of 



five of the 15 amino acyl tRNAsynthetases which have been deciphered so far. The struc-
tures they have determined show how accurately the enzymes recognize both the amino 
acid and the corresponding tRNA before linking them together. Cusack's group is con-
centrating on solving some of the remaining unknown structures. A clear picture of how 
these enzymes work will provide valuable insights into the fundamental cellular 
process of protein synthesis. 

Regulating translation 

Although the cell often regulates its basic functions by controlling the transcrip-
tion of genes in the nucleus, there are additional mechanisms that do this. They are par-
ticularly important when the cell can't access its genes, as in early embryonic develop-
ment, but at other times as well. One kind of mechanism regulates when and how mes-
senger RNA is translated into protein. The mRNA may have to reach a certain location 
in the cytoplasm, or sites in the mRNA may need to be activated or inactivated by other 
molecules before ribosomes can begin the translation process. Some cells use these con-
trol mechanisms to main-
tain a large pool of 
untranslated messages 
which are not turned into 
proteins until a signal tells 
them to do so. 

MATTHIAS HENTZE'S 

group (Gene Expression) 
has studied various strate-
gies by which cells regu-
late translation. Recently, 
they discovered that 
hnRNPs, a class of proteins 

precursor cell 
in bone marrow 

precursor cell 
in bloodstream 

In immature blood cells, two proteins block the translation of LOX 
messenger RNA. Later, the RNA is translated, and LOX degrades 
organelles not needed in the cell's mature form. 

usually found attached to RNA in the nucleus, play an important role in translation in 
the cytoplasm. A protein called LOX is necessary for the last stage of differentiation in 
red blood cells. Immature cell types, not yet ready for their final developmental step, 
transcribe the mRNA of LOX and send it into the cytoplasm-but it is not translated. 
Hentze's group defined a specific signal in the RNA that prevents ribosomes from bind-
ing to the beginning of the message. Surprisingly, this signal (called DICE) was located 
near the end of the mRNA, rather than at the beginning. 

The researchers made synthetic RNA molecules that contained several copies of 
DICE as bait, then went fishing for proteins that could bind to the sequence and block 



access by the ribosomes. They found two proteins and, with the help of MATTHIAS 
MANN's group, identified them as K and El, two hnRNPs. In an in vitro system, Hentze's 
lab used purified components to reproduce the way these proteins inhibit translation. 
The researchers then watched what happened in cells in tissue culture. K and E1 had 
a powerful repressive effect on the translation of mRNAs that contained the DICE sig-
nal; mRNAs without DICE were not affected. 

More and more examples of translation regulated by sequences at the "wrong" 
end of RNAs are being found. Following Hentze's pioneering studies, researchers are 
now investigating the way that sequences distant from each other in the molecule affect 
the site where ribosomes bind. 

Targeting proteins for membrane insertion or 
secretion 

When messenger RNA emerges from the nucleus, ribosomes attach themselves 
to begin its translation into protein. Many proteins are translated directly in the cyto-
plasm. But about 30 per cent of all types of protein are destined to be inserted into a 
membrane, and many others must be secreted from the cell-these bear a signal which 
marks them for special treatment. Such proteins have to be sent to the endoplasmic retic-
ulum for processing before they are transported to their final destinations. 

Small particles in the cytoplasm called signal recognition particles (SRPs) inspect 
the beginning of a protein as it emerges from the ribosome. If they discover the signal 
designating it for membrane-insertion or secretion, they bind to the ribosome and stop 
translation. The ribosome-SRP complex moves to the ER, where it docks at a specific 
receptor and opens a pore in the membrane. Docking tells the ribosome to start trans-
lating again, and the new protein is threaded through the gap into the ER cavity as it is 
synthesized. 

Like ribosomes, an SRP is composed of an RNA molecule and several proteins 
which are attached to it. Biochemical studies have identified functions for some of these 
proteins, but structural analysis is necessary to explain how SRPs recognizestheir tar-
get sequences, arrest translation, and attach ribosomes to the ER membrane. The work 
of two EMBL groups has now provided a first glimpse into the structures underlying 
these processes. 

STEPHEN CUSACK'S group at the Grenoble Outstation has described a tight com-
plex of two SRP proteins that binds to one end of the RNA in the signal recognition par-



ticle; this is the end that brakes the process of translation. IRMGARD SINNING'S group 
(Structural Biology) has started at the other end of the process, where the SRP and ribo-
some complex bind to a receptor at the ER membrane. They described the structure of 
the SRP receptor in bacteria and showed that both SRP protein and the receptor for it 
have built-in GTPase-like modules that control docking. However, the way that these 
modules act seems very different from the behavior of GTPase proteins such as Ran. 

Since the SRPs of bacteria and eukaryotic cells function so similarly, their basic 
structure may be similar, as well. The EMBL researchers are now looking closely at other 
parts of SRPs and their receptors, with the ultimate goal of developing a complete model 
of how these molecules function in the process of protein targeting. 

The Golgi complex 

To become fully functional, proteins which have left the ER 
must pass through a cellular factory called the Golgi complex, a 
production line consisting of several layers of stacked membrane 
sacs; inside these cavities, the proteins are extensively modified. 
TOMMY NILSSON and his group (Cell Biology) have been investi-
gating the structure of this organelle and the way proteins navi-
gate their way through it. 

Proteins leave the ER when a section of its membrane is 
pinched off, forming an intermediate compartment that moves 
along protein tracks until it comes into contact with the first sac 
of the Golgi complex. Proteins move through the stacked layers 
of sacs and are modified by enzymes that reside there. At the end 
of the line, the proteins are packaged in small membrane bubbles 
called vesicles, which then transport their cargo to the cell sur-
face or other destinations. An influx of ER membrane on one side 
and its loss through vesicles on the other side assures a continu-
ous flow of material through the Golgi complex. 

Some of the material entering the Golgi complex must be 
recycled back to the ER, and Nilsson's group has been investi-
gating the way that small proteins called p24s, found in the vesi-

The Goigi complex under the electron microscope. 



cle membranes, contribute to this back-and-forth shuttle between the two compart-
ments. 

Although proteins have to move from one end of the Golgi complex to the other, 
the enzymes that work on them occupy relatively stable positions in the organelle. Using 
light and electron microscopy, Nilsson's group established that each enzyme has a char-
acteristic distribution through the Golgi complex. Some enzymes are found all over the 
stack; others are confined to two or three sacs. Most have a graded distribution, rising 
in concentration to a certain point and then falling. This raises questions about how the 
cell manages to hold some elements in place while allowing others to pass through a 
region. Nilsson's group is investigating a model in which both enzymes and the pro-
teins that they modify are thought to be flowing forward along a moving production 
line-and" resident" enzymes continually have to be carried back in vesicles to assume 
their standard positions. Now the researchers want to determine how the enzymes 
know when to be sent back by studying interactions between these enzymes and pro-
teins which form recycling vesicles. 

Cell polarity and rafts 

Proteins leaving the Golgi complex contain signal sequences which act like 
address labels to determine whether they are sent towards another internal membrane 
compartment or to the outer surface of the cell. Many cells acquire asymmetries, or 
polarities, during development. For example, the epithelial cells found on the surface 
of the skin and other organs have one side that faces the outer world and another side 
facing inwards; the membrane on the apical (outer) side has to perform very different 
tasks than that on the basolateral (inner) side. These distinct functions mean that specif-
ic areas of the membrane must be supplied with different proteins; the cell needs dis-
tinct sorting and delivery mechanisms. Vesicles that carry proteins and lipids away from 
the Golgi complex are marked specifically for transport to apical or basolateral domains. 

While studying the way proteins are routed to the apical surface, KAI SIMONS and 
his group (Cell Biology) encountered a phenomenon which is now challenging earlier 
models of membrane organization. Membranes consist of two layers of fluid: tradi-
tionally, each layer has been thought to consist of a mosaic of lipid molecules held 
together by weak binding forces, but free to move along the membrane plane, with pro-
teinsfloating freely in this lipid fluid. 

Simons' group observed that under certain experimental conditions, proteins and 
lipids in membranes are bound together in tight complexes. Ties between lipids are 
weak, but not all associations are equal: there might be preferred partnerships in which 



separate lipids form a dynamic complex-like a raft floating inthe membrane-and the 
proteins embedded in it might lend the complex additional stability. 

In a review article published in 1997, Simons and Ikonen integrated evidence 
from a variety of sources to propose that the raft complexes seen in experiments might 
have important functions in living cells. A tight association between proteins and spe-
cific areas of the membrane would be advantageous to the cell in processes like signal-
ing: if a receptor molecule and the proteins to be triggered by an extracellular signal are 
linked in the same raft, they are optimally positioned to transmit information into the 
cell. In the Colgi complex, rafts containing pre-assembled protein and lipid complexes 
could be sent towards the membrane in prefabricated form. Proteins destined for the 
membrane don't need individual address labels if the Colgi complex links them to a 
package of proteins clearly marked for delivery to the membrane; they will simply be 
carried along with the raft. 

Simons and his co-workers obtained strong evidence that membrane rafts were 
involved in sorting proteins and transporting them to the apical cell surface. The group 
focused on a protein from a virus which ends up embedded in the membrane of infect-
ed epithelial cells. The researchers showed that the viral protein is already associated 
with lipid rafts in the Colgi complex; it then remains inside such rafts for hours after its 
delivery to the apical membrane. The EMBL researchers were able to break the con-
nection between the protein and the raft by changing the part of the protein embedded 
in the membrane, or by depleting cells of cholesterol-one of the major components of 
rafts. Either of these changes led to mis-sorting: proteins which should have been sent 
to the apical membrane were shuttled elsewhere. Interestingly, the sorting of material 
to the basolateral membrane wasn't affected. This implies that sorting in the apical direc-
tion depends on rafts, whereas different mechanisms are required to send material in 
the other direction. 

Polarity is not restricted to epithelial cells. Another example is the striking asym-
metry of neurons, whose membrane regions perform very different tasks. Branch-like 
dendrites receive electrical signals from other nerve cells; these signals are transmitted 
to other neurons via a long axon extension protruding from the cell body. The dendrite 
surfaces which receive signals have a very different protein composition from the axon 
'surfaces that transmit them. CARLOS DOTTI's group (Cell Biology) investigates how neu-
rons sort material to these membrane regions, as well as the means by which asymme-
try develops in the first place. 

Neurons descend from cells which have neither axons nor dendrites. Dotti's 
group had observed that as these cells differentiate into their mature form, they send 
out short extensions, neurites, in various directions. Initially, all of these structures have 
the same appearance and contain the same proteins. Within a very short time, howev-
er, one of the neurites elongates rapidly to become an axon. 



One of the projects of Dotti's 
group in 1997 was to investigate 
whether the types of sorting signals 
that polarize epithelial cells might 
also help to select a specific neurite 
as the future axon. The researchers 
made an intriguing observation: 
before an axon forms, the same 
types of material are delivered to all 
of the neurites. One of them 
receives a greater quantity than the 
others, receiving a bulk of cytoplas-
mic and membrane components, 
organelles and vesicles. This specif-
ic neurite then develops into the 
axon. Unexpectedly, it also accu-
mulates a protein that will later be 
routed only to dendrites, and other 
proteins that will not be found in 
the mature axon. Early on, the cell 
seems to be doing nothing more 
than indiscriminately shunting 
more material to the region that 
needs to grow the fastest. 

During early stages of differentiation, a nerve 
cell extends many small neurites. One of 
these becomes the axon; others form dendrites. 

The question of how a specific neurite is chosen remains unanswered, but there 
may be a simple default mechanism that guarantees that only one-selected more or 
less at random-becomes an axon. Cells seem to turn on mechanisms that sort materi-
al specifically to axons or dendrites only after the axon has been designated. Dotti's 
group is currently exploring the ways that this later sorting maintains the strong polar-
ity of mature neurons. 

Regulating vesicle traffic: Rab proteins 

Vesicles serve as transport vehicles that shuttle proteins throughout the cell-into 
and out of the Golgi complex, between organelles, and inwards from the cell membrane. 
A vesicle has to know where to dock-it has to recognize the membrane that it should 
fuse to in order to deposit its cargo. This can happen because receptors and ligands on 
the membrane surfaces recognize each other. But since both types of protein are syn-
thesized in the endoplasmic reticulum, this poses a problem: why don't vesicle recep-



Time lapse photographs of vesicles fusing to form larger compartments. 

tors fuse to their targets at inappropriate moments-even before they leave the ER? The 
answer is that other molecules, a family of proteins called Rabs, are required to activate 
the molecules in the proper context. 

Rabs belong to the protein family of small GTPases that includes the Ran mole-
cules which accompany material into and out of the nucleus. Like Ran, Rabs alternate 
between two states: when active, they allow vesicle membranes to dock and fuse to their 
targets; in their inactive state, fusion can't occur. Each type of Rab associates with a spe-
cific type of vesicle. Rab5 helps to combine vesicles coming from the cell surface into 
larger inbound compartments (endosomes). The group of MARINO ZERIAL (Cell Biology) 
discovered a protein called Rabaptin-5 which must be associated with active Rab5 in 
these membranes if fusion is to occur. 

Fusion only occurs when membrane Rabs are in their active state, but the cyto-
plasm contains accessory proteins which continually inactivate them. This prevents 
excessive fusion from taking place; it also sets a limit on the amount of time a vesicle 
has to reach its target. If the time doesn't suffice, another mechanism is required to keep 
Rabs active longer at the fusion site. In a collaboration with MATTHIAS MANN's group, 
Zerial and his co-workers found a new protein they called Rabex-S which returns Rab-
5 to its active state. 

One characteristic of this new protein is that it binds in a stable partnership to 
Rabaptin-5, the protein that the group had previously discovered. This adds another 
step to vesicle docking: Rabaptin brings Rabex-5 along as a helper molecule when it 
binds to Rab5 in the vesicle membrane, and each molecule plays a role in permitting 
vesicle fusion. Rabex-5 is there to ensure that Rab5 will be kept in its active state for a 
longer period of time. And the complexity of the docking and fusing process doesn't 



A complex set of proteins in each vesicle membrane determines when and where they can merge. 

stop here: the group has identified even more proteins that bind to RabS and function 
similarly to Rabaptin-S. 

In a collaboration with the group of TONY HYMAN (Cell Biology), Zerial's group 
has discovered that Rabs may do more than regulate vesicle fusion; they may also help 
to determine how the vesicle moves through the cell along protein tracks called micro-
tubules. 
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The cell's shape is formed by a cytoskeleton composed of filaments (made of protein build-
ing blocks called actin) and hollow microtubules. This scaffolding, which is continually being 
disassembled and reconstructed, is involved in positioning organelles and other components 
within the cytoplasm, also in rearranging the overall shape of the cell to permit it to move. This 
system of fibers also forms the basis of the mechanisms which separate the chromosomes and the 
cytoplasm when the cell divides. 

Movement inside cells: actin filaments and 
microtubules 

The cell constantly assembles filaments from actin building blocks in the cyto-
plasm; when filaments have served their function, they are rapidly disassembled. While 
studying the behavior of the Vaccinia virus inside infected cells, the group of MICHAEL 
WAY, in collaboration with GARETH GRIFFITHS' group (both Cell Biology) observed that 
the virus took advantage of the host cell's actin to move itself inside the cell, to the outer 
surface, and even to neighboring cells. At one end, the membrane surrounding the virus 
induces actin to form filaments which grow steadily and propel the virus forward. 

Since viruses frequently exploit mechanisms of their hosts for their own pur-
poses, Way's group suspects that cells may similarly assemble actin filaments to reshape 
their membrane surfaces and move 
through a tissue. When cells of the 
immune system seek and engulf foreign 
particles, or when axons crawl along the 
surfaces of other nerve cells in search of 
targets, actin filaments are quickly 
formed and dismantled at the membrane. 
Sometimes their assembly causes the 
membrane to push finger-like extensions, 
called filopodia, onto a new surface. If a 
filopodium encounters the right molecu-
lar signals, it may attach and pull the cell 
body along behind itself. Otherwise, it 
will retract and the growing axon may 
turn in another direction. 

WALTER WITKE and his group, who 
left the Heidelberg Laboratory in 1997 to 
join the new Mouse Biology Programme 

Vaccinia viruses use long tails of actin (green) 
to propel themselves inside a host cell. 
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in Monterotondo, Italy, are also studying the relationship of the actin cytoskeleton to 
cell motility. In particular, they are investigating what happens in mutant mice missing 
a protein called Gelsolin, known to be involved in constructing and dismantling these 
filaments. Several types of cells in these mice exhibit defects in their ability to move and 
the way the actin cytoskeleton is organized. Nerve cells lacking Gelsolin send out filopo-
dia in the usual way, but are often unable to retract them again, perhaps because the 
cell is unable to disassemble the filaments and recycle their components without the 
protein. Witke's group is also looking at proteins such as profilin and cofilin which reg-
ulate the assembly of actin filaments at the cell's outer membrane. 

Microtubules, the second major component of the cytoskeleton, are built from 
subunits called tubulin which assemble in a head-to-tail fashion into long columns. 
These columns align themselves side-by-side into sheets which then roll into a hollow 
tube. The fact that each tubulin subunit in the structure has two distinct parts gives the 
whole structure recognizeable plus and minus ends with different characteristics. The 
minus end is relatively stable and is linked to a microtubule organising centre near the 
nucleus called a centrosome; the plus end extends towards the outer membrane or other 
structures in the cell by adding tubulin subunits to its tip. The length and stability of 
the microtubule are regulated by other proteins which bind to the structure. 

GARETH GRIFFITHS' group (Cell Biology) has been investigating the way micro-
tubules help to move material between the periphery of a cell and its center. The group 
is particularly interested in vesicles called phageosomes-Iarge membrane compartments 
which envelop particles on the cell surface and carry them inside for digestion. 
Macrophages, scavenger cells of the immune system, use this process to engulf foreign 
bodies such as whole bacteria to remove them from tissues. 

This year the groups of Griffiths and TONY HYMAN were able to show that pha-
geosome vesicles use microtubules as transport routes through the cytoplasm, and that 
they move by two different means depending on their location in the cell. Near the outer 
membrane, phageosomes have a strong affinity for the plus-ends of microtubules, bind 
to them, and are carried along by the growth and shrinkage of the microtubules as they 
are extended or disassembled. Deeper inside, the vesicles appear to be moved with the 
help of molecular motors: proteins which tow material up and down the outer surface 
of microtubules. Material is moved from the plus end towards the minus end (from the 
membrane inwards) by a motor called dynein; kinesin tows cargo outwards. Griffiths' 
and Hyman's groups showed that interfering with dynein disrupted inward movement 
of phageosomes, whereas interfering with kinesin affected transport in the opposite 
direction--precisely the effect that should be seen if phageosome movement depends 
on motors. 



Assembling the mitotic spindle 

The body's cells divide by a process called mitosis: pairs of chromosomes are 
lined up and then divided among identical daughter cells, each of which receives a com-
plete copy of the original genetic information. The proper sorting and distribution of 
chromosomes requires elaborate cell mechanisms and radical rearrangements of the 
cytoskeleton. Microtubules are important players in this process, and experiments by 
EMBL's Cell Biology Programme are challenging the textbook model of how these 
events happen. 

Three microtubule patterns. 
Top: microtubules attached to chromo-
somes. Middle: a spindle form develops 
around "artificial chromosomes" (chro-
matin beads). Bottom: in the absence of 
dynein motors, microtubules can't form 
spindles. 

Traditionally, centrosomes (which 
play a role in organizing microtubules) 
have been viewed as the initiators of the for-
mation of mitotic spindles. Centro somes 
are duplicated in one of the first steps of cell 
division and the duplicates move to poles 
opposite each other, with the chromosomes 
in the middle. Microtubules form between 
the centrosomes and the chromosomes; 
these serve as "towing lines" which pull the 
chromosomes into two sets. Since micro-
tubules originate from centro somes at other 
times, it was assumed that they did the 
same thing during mitosis. A microtubule 
would extend from the centrosome, occa-
sionally fastening itself to a chromosome 
and stabilizing. When everything was 
properly attached-one member of each 
chromosomal pair to each pole at a centro-
some-the microtubules would start to 
retract towards the poles, pulling the chro-
mosomes with them. This model seemed to 
explain both the origin of the micro tubules 
and the spindle-like pattern they formed. 

Some cells do not have centrosomes, 
though, and manage not only to dupli-
cate-they form micro tubules in the normal 
spindle arrangement. This encouraged the 
groups of ERIC KARSENTI and TONY HYMAN 
to investigate whether centrosomes were 
necessary for the assembly of spindles at all. 
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The researchers decided to try to reproduce the conditions of division in the test tube, 
using artificial chromosomes: magnetic beads coated with DNA, provided by PETER 
BECKER's group (Gene Expression). When they placed these beads into an extract pre-
pared from amphibian egg cells, a number of surprising things happened: the DNA 
wrapped itself into chromatin, and a nuclear membrane formed. The researchers added 
these new artificial nuclei to cytoplasmic extracts prepared from cells undergoing mito-
sis-with the centro somes removed-and observed a spontaneous assembly of micro-
tubules in the vicinity of the beads. The microtubules started adding tubulin onto their 
minus ends, extending away from the artificial chromosomes in parallel arrays on two 
sides; finally, these ends bundled together in a perfect imitation of a mitotic spindle. 

Since all of this happened in the absence of centro somes, the groups of Hyman 
and Karsenti concluded that chromatin itself might be sufficient to initiate the forma-
tion of mitotic spindles. But what was it about chromatin that influenced the assembly 
of microtubules? Further experiments showed that adding chromatin to cell extracts 
phosphorylates and shuts down a protein which normally destabilizes microtubules. 
This makes microtubules more stable in the vicinity of chromosomes. 

More work was necessary to determine why the minus ends of the spindles bun-
dled together without a structure like a centrosome to provide a point of reference. The 
EMBL researchers found that without dynein motors, which move from the plus to the 
minus ends of microtubules, this bundling activity did not occur. Inactivating dynein 
led to micro tubules which extended from the chromatin in parallel lines, ending in 
unconnected ends. The explanation seems to be that a motor moving between two 
microtubules will attach to both, drawing them together as it moves away from the chro-
mosome. 

The experiments by Karsenti's and Hyman's groups have demonstrated that in 
the test tube, chromatin can induce the formation of microtubules, and that motor pro-
teins can create the spindle-like forms seen during cell division in the absence of cen-
trosomes. Although this may also be true in some living cells, such as the germline cells 
of female Drosophila flies, the group of CAYETANO GONzALEZ (Cell Biology) has found 
evidence that at least one of the protein features of microtubule-organizing centers has 
to be present, or spindles won't form properly during cell division. Since these struc-
tures function somewhat differently in different types of cells, centrosomes may be more 
crucial in some cells than in others. 

Gonzalez's group has been studying the effects that various mutations have on 
the microtubule cytoskeleton in Drosophila. Some mutations create abnormalities in the 
way rnicrotubules are assembled in mitotic spindles. Between 1995 and 1997, the group 
looked at what happened to flies that could not produce gamma-tubulin, a type of pro-
tein that is an important constituent of centrosomes in many species. Unlike other ani-
mals, Drosophila has two distinct gamma-tubulin proteins with different functions. The 
first form is present in all types of cells and is required to build most mitotic spindles 



during development. The second form is found only in developing oocytes and early 
embryos. 

Centro somal structures can't be seen in microscopic 
examination of the spindles of developing oocytes; nor have 
researchers been able to localize gamma-tubulin or other 
typical protein components of centro somes during division 
in these cells, leading some scientists to think that these 
components may not be required for mitosis. However, the 
work of Gonzalez's group suggests that gamma-tubulin is 
necessary. When it is missing in mutant flies, the division 
spindles found in oocytes are severely disturbed. The fact 
that the protein isn't concentrated in one spot (such as a cen-
trosome) during division might indicate that the protein has 
been detached from microtubules before the spindle is 
formed. Cells that don't have centrosomes may contain the 
same basic microtubule-organizing materials as those that 
do; the main difference may lie in how these materials are 
structured and placed within cells. 
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Germ cells, an organism's future egg and 
sperm cells, receive special treatment during embry-
onic development so that they don't undergo the dif-
ferentiation experienced by other cells. In Drosophila, 
a protein called Oskar is crucial in determining if-
and where-germ cells form in an embryo. The RNA 
that will be translated into Oskar is deposited in the 
egg cell by the mother. ANNE EPHRUSSr'S group 
(Developmental Biology) is looking at the way this 
RNA is moved from its original entry point at the 
anterior of the oocyte to the posterior. Once it is there, 
the RNA is translated into Oskar protein, which caus-
es a section of the cytoplasm to form the germ plasm. 
Molecules necessary for the development of future 
germ cells gather in this region. 

Ephrussi's group collaborated with the 
Microinjection Facility run by WILHELM ANSORGE'S 
group (Biochemical Instrumentation) to study how 

Each of these follicles contains a Drosophila 
oocyte with accompanying cells that nurse 
it. The bright green stain highlights the 
oocyte and shows that the cell concentrates 
oskar RNA in a specific region. 

oskar RNA is transported to the posterior of the egg. By labelling the RNA with a fluo-
rescent dye and injecting it into the anterior of the oocyte, the researchers could direct-
ly observe its transport to the other pole. Under the microscope they observed a rapid 
cellular "spin cycle" during the late stages of egg formation: material streamed through 
the cytoplasm in a circle, carrying the fluorescent RNA along and depositing it at the 
posterior. To determine the mechanism that directs this motion, Ephrussi's group treat-
ed cells with a drug that disintegrates micro tubules-which interrupted the streaming 
and prevented oskar RNA from reaching its destination. Oskar RNA is hopping aboard 
a transport system with microtubule tracks. 

Since this delivery system isn't very discriminate-other material besides RNA 
is swept along-something at the posterior pole probably recognizes oskar RNA as it 
passes by and anchors it. With the help of genetics, Ephrussi's group found evidence 
that the actin cytoskeleton may be involved. Mutant oocytes lacking an actin-binding 
protein are unable to position many components, including oskar RNA, at their correct 
locations in the cytoplasm. 

Establishing polarity across surfaces 

Cells on the surface of the skin or organs become asymmetrical because surfaces 
facing the outer world perform different tasks than surfaces in contact with other cells 



in the interior. Cells may also develop asymmetries in the other direction, across the 
surface of a tissue. In fly wing tissue, for example, hairs may develop in the same "cor-
ner" of each cell, and they may all be pointed in the same direction. MAREK MLODZIK'S 
group (Developmental Biology) is searching for the extracellular cues that prompt cells 
to orient themselves and to fall in line with their neighbors during development. 

The Drosophila eye is divided into hundreds of hexagonally-arranged clusters. 
Each facet (or ommatidium) contains twenty cells of several types which must be posi-
tioned in a precise configuration to function properly. When the cells have achieved 
their correct positions, something tells each ommatidium to turn in a particular direc-
tion, depending on its position relative to an axis across the middle of the eye. All of the 
ommatidia on one side of this equator will be oriented in the same direction; on the 
other side, groups turn uniformly in the other direction. Every cluster needs two pieces 
of information from the environment: it must know which side it is on, and how far it 
should turn. 

During eye development, cells behave as if a polarizing signal is produced at the 
midline axis. Some clusters receive the signal directly, interpret it, and pass it on to 
groups in the next row, which interpret it again before passing it along. A transmem-
brane protein called Frizzled appears to be the receptor for the signal, since animals with 
mutant forms of Frizzled suffer from randomly-oriented 
facets in the eyes. 

When Mlodzik and his co-workers found a new 
gene that was involved in positioning the facets correct-
ly, they decided to investigate whether its protein, RhoA, 

might be involved in the signaling process. In verte-
brates, a protein similar to RhoA was known to activate 
certain types of MAP kinases, which are part of an impor-
tant signaling cascade. 

RhoA might be an intermediary that helps a sig-
nal from the Frizzled receptor to reach the cell nucleus. 
Flies that produce too much Frizzled protein develop 
randomly-oriented ommatidia, as if the facets are receiv-
ing a signal that is much too strong. By lowering the 
amount of RhoA in these flies, Mlodzik's group was able 
to weaken the signal again, restoring ommatidia to their 
proper arrangement. They concluded that overabundant 
Frizzled can only have its disruptive effects if there is 
enough RhoA to pass the signal along in its full strength. 

Clusters of cells in the 
Drosophila eye adopt a sym-
metrical arrangement during 
development. To turn correctly 
they have to sense their position 
relative to the midline of the eye 
(white line). 

More experiments allowed the group to flesh out a model of this signal cascade: 
a signal received by Frizzled leads to the activation of RhoA, which stimulates a MAP 



kinase that could phosphorylate a number of transcription factors, including the pro-
tein Jun. A collaboration between the groups of Mlodzik and DIRK BOHMANN (Cell 
Regulation) had already established that Jun is involved in cell differentiation in 
Drosophila eyes; further experiments are necessary to determine whether it might also 
playa role in establishing tissue polarity. 

The same kinds of mechanisms turn out to be involved in establishing polarity 
in other Drosophila tissues. Every cell in the fly wing produces a single hair that points 
toward the wingtip. SUZANNE EATON (Cell Biology) is investigating the way that cells 
become polarized to produce these hairs in the correct position, with the correct orien-
tation. She has discovered that Rac1, a Rho-like protein, passes on signals that reorgan-
ize actin molecules in the cell cytoplasm. 

If Rac1 is functioning normally, actin is bundled in the one corner of the cell where 
the hair should form. Blocking signals with a mutant form of Rac1 can result in sever-
al bundles of actin fibers at various locations on the cell surface, leading to multiple 
hairs pointing in different directions. The same effect is achieved by blocking RhoA, 
which means that this protein is likewise involved in the signaling process. Eaton dis-
covered that yet a third Rho-like protein is localized at the position on the cell surface 
where a hair will form; this protein is needed to bundle actin filaments that will com-
pose the structure of the hair. 

Patterning the body: the search for 
morphogens 

How do cells recognize their positions in a developing tissue? How do cells in an 
embryo's leg, for example, know whether they are supposed to form a thigh or a foot? 
Over the last half-century, scientists studying the larger developmental features of 
organisms have gradually formulated the concept of a morphogen: a single substance 
that would give positional information to the cells that sensed it. Although this sub-
stance would spread throughout a tissue such as a developing limb, it would occur in 
different concentrations in different places. If it were produced at a specific source, dif-
fusing away from it, the concentration of the substance would form a gradient. Cells 
close to the source would see a higher concentration than those farther away and would 
respond differently to the factor. 

Although the idea of such gradients has appealed greatly to developmental biol-
ogists, specific molecular morphogens have proved hard to find. Over the past two 
years, STEPHEN COHEN and his group (Developmental Biology) have established a strong 



case that two proteins meet all the defining criteria of morpho gens in the development 
of wings and legs in Drosophila. 

The proteins Wg and Dpp are produced and secreted by a small number of organ-
izer cells positioned at critical borders in the body. Wg, for example, is produced by cells 
at the future edge of the wing and influences the growth of cells between the edge and 
the body. Mutant flies with too little Wg have very small wings, or none at all. 

Secondly, cells react to Wg and Dpp in specific ways. Cohen and his co-workers 
discovered target genes which can only be switched on when the cell receives one of 
these protein signals. If a cell lacks a receptor for Wg or Dpp, or if something prevents 

During development, cells in Drosophila legs sense signals telling them to switch on specific 
genes . The resulting proteins can be detected using fluorescent probes of different colors. 

the signal from being passed on to the nucleus, these target genes will never be tran-
scribed into RNA. The proteins that they should produce are involved in helping the 
cell establish its identity in the tissue. 

Thirdly, and most importantly, cells respond differently to variations in the con-
centration of the protein. Although a signal may active several genes, each can have a 
different threshold. Some genes are expressed only if a very strong signal is received; 
others can be activated at weaker levels-farther from the source. 

Several suspected morpho gens have been identified in the past, but it is difficult 
to design experiments demonstrating that a single factor has a direct, long-range effect 
on development. Cells might be responding to a signal relay-a chain of new signals-
rather than sensing different concentrations of a single substance. The original signal 
might reach only cells close to the source, instructing them to secrete a second signal, 
which stimulates their neighbors to secrete yet a third protein, and so on. 

To exclude the possibility that this was happening with Wg or Dpp, Cohen's 
group created groups of cells in developing wings which behaved as if they were con-
stantly receiving a morphogenetic signal, fooling them into thinking they were located 
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close to the source. There were two possibilities: either these clusters would create a 
new signal and send it to neighbor cells, telling them to initiate a developmental pro-
gram inappropriate to their position on the wing, or the neighbors would receive their 
instructions directly from the correct concentrations of Wg and Dpp that they sensed, 
resulting in normal development. The latter proved to be the case. Modified cells were 
unable to send their neighbors off on the wrong developmental track, so a signal relay 
wasn't involved. 

Thus the evidence for Wg and Dpp as morpho gens is strong. Cells detect the fact 
that Wg falls in concentration from the edge of the wing to its juncture at the body; 
Dpp's concentration varies in the other direction. These two factors combine to activate 
the genes appropriate to a cell's position in the wing. And the influence of these pro-
teins doesn't stop here: in 1997, Lecuit and Cohen demonstrated that the combined 
action of Wg and Dpp can have long-range effects on the formation of different seg-
ments along the axis of the Drosophila leg, as well. 

These results have encouraged researchers to look for similar morphogenetic 
mechanisms in other animals. Many organisms, including vertebrates, have proteins 
related to Wg and Dpp, and experience suggests that developmental principles usual-
ly hold true across a variety of model organisms. 

The morphogenesis of vertebrate limbs 

Although the limbs of verte-
brates are constructed quite differ-
ently from those of Drosophila, 
their cells are faced with similar 
developmental problems, and dif-
ferent organisms often use the same 
types of protein signals to solve 
them. In vertebrates, organizer cells 
at the edge of future limbs secrete 
signaling molecules that define 
where particular structures will 
form. One group of cells at the back 
of the limb forms a zone of polarizing 

Vertebrate limbs develop from 
groups of cells that bud from 
the flank of the embryo. 



activity (ZPA) which determines the identity of structures towards the front. Tissue clos-
est to the signal's source will form the little finger (or toe); those farthest away will 
become the thumb (or big toe) . Shh, a protein secreted by cells in the ZPA, might act as 
a morphogen in defining these digits, but so far there has been no proof that it diffuses 
over large distances-nor has Shh been found to have a direct effect on specific target 
genes. Thus it is possible that Shh's effects are mediated by signal relays rather than 
direct action on developing tissues. 

ROLF ZELLER'S group (Cell Regulation) looks at the way proteins help to establish 
and maintain organizer regions such as the ZPA in mice. Two mutations have given the 
researchers insight into the role that Shh plays in limb development. Mutations in a gene 
called Id severely disturb the formation of the limb, resulting in fewer toes. In contrast, 
Xt mutations produce extra toes. Zeller's group and others were able to demonstrate 
that both mutations have their effects because of the way they influence expression of 
the Shh protein. 

Shh needs to be produced continuously as limbs develop, and cells in the ZPA 
are told to express it by signals from the edge of the growing limb. In turn, the signals 
themselves can only be generated if Shh is produced in the ZPA. A mutation in ld dis-
turbs this positive feedback loop in embryos and shuts off the expression of Shh in ZPA 
cells. Xt mutations, on the other hand, add a second source of Shh at the wrong end of 
the limb, where the big toe should form. 

A mutation in a gene removes or changes a protein; in the case of Xt and ld, these 
proteins are probably transcription factors . Zeller's group is now investigating how 
their combined activities help to localize and maintain the source of Shh in embryo 
limbs. 

Mosquito-parasite interactions in malaria 

Malaria, which is caused by the single-cell parasite Plasmodium, kills more than 
a million people in Africa every year. At present, physicians treat victims with drugs, 
and since Plasmodium is carried by mosquitoes, insecticides are used to reduce the mos-
quito population. With the emergence of drug-resistent parasites, and in the absence of 
a preventative vaccine, molecular biologists hope to develop novel approaches to fight-
ing malaria by learning more about the parasite's life-cycle. 

Plasmodium resembles other one-celled parasites in that it alternates between 
sexual and non-sexual reproductive phases, and these steps take place in different hosts. 
Mosquitoes acquire the parasite when they take in blood from an infected animal or 



human. Plasmodium penetrates the epithelial lining of the mosquito's gut and eventu-
ally reaches the salivary glands; now it can be injected into the bloodstream of a human 
or animal victim. 

The group of EMBL's Director-
General, FOTIS C. KAFATOS, is studying cel-
lular and molecular interactions between 
Plasmodium and mosquito hosts. 
Interestingly, some types of mosquitoes 
make good vectors for carrying and 
spreading the disease, while other types 
show various kinds of resistance to infec-
tion. The researchers are tracking down 
the mosquito genes and corresponding 
proteins responsible for these differences. 

In 1997, Kafatos' group reported 
on one way the mosquito responds to 

Plasmodium, the parasite responsible for malaria, 
among blood cells. 

Plasmodium infection. Looking at gut epithelial cells where the parasite begins its inva-
sion of the mosquito, the researchers observed that specific genes were suddenly being 
expressed at much higher levels than they had been before infection. One of the result-
ing proteins had previously been identified as part of a simple immune system that pro-
tects insects from infection by bacteria and fungi. This reaction demonstrates that the 
mosquito's cells are aware that they are under attack. Because cells in the gut are not 
the only ones to produce these proteins, it seems that the initial breach results in a gen-
eral molecular alarm signal throughout the mosquito, and its immune system attempts 
to coordinate countermeasures against the infection. Although the response in itself isn't 
sufficient to stop Plasmodium from replicating inside the mosquito, studying these 
interactions between the host and the parasite may suggest ways to stop the spread of 
malaria. 
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Exploring Biological 
Structures 

It is little wonder that so much of biology is devoted to the study of proteins, 
because these are the principal movers and shakers inside a cell, providing the major 
structural elements that define its form, and determining functions such as the cell's 
ability to communicate with the outer world. Protein structure and function go hand 
in hand. A protein's composition and shape determine where it goes in a cell, how it 
behaves, and how long it will exist before it falls prey to mechanisms designed to take 
it apart again. Structural biologists seek to understand proteins' functions by describ-
ing the levels of their organization: the sequence of amino acids that makes up a pro-
tein, the functional regions that the sequences form, and how these regions interact 
with each other and other molecules to define and regulate the protein's activity. 

Proteins are assembled in a linear sequence of amino acids, called their primary 
structure, which reflects the DNA sequence of the gene that contains their code. Amino 
acids interact with others farther down the protein chain. This creates the protein's sec-
ondary structure: tube-shaped helices or flat sheets connected by loops or turns. These 
elements serve as the basic components of another layer of folding: tertiary structure, 
in which helical tubes can be bundled together and sheet-like elements can be stacked 
on top of each other or arranged in other ways to create a compact folding unit, called 
a domain. Proteins are usually composed of several domains, each of which may have 
a distinct function. The protein kinase Src, for example, contains a domain that carries 
out enzyme activity and two accessory domains that cooperate to regulate its catalyt-
ic behavior. 



The way a protein folds is determined by the linear sequence of its amino acids, 
but the rules underlying the folding process are still largely unknown. Some researchers 
call this grammar of folding the "second genetic code": how a one-dimensional string 
is transformed into its characteristic three-dimensional structure. The rules are likely 
to be very complex, since bonds between amino acids are often weak and different pat-
terns of folding can compete with each other. The laws of physics predict that each pro-
tein will assume the three-dimensional configuration that costs it the least energy to 
maintain, but how small-scale folding generates stable larger structures is a question 
that will occupy researchers for years to come. 

Many methods have been developed to investigate the interrelationships 
between protein structure and function. Proteins have to be studied at several resolu-
tions: from the atomic level to that of large multi-protein complexes which perform cell 
functions in stable assemblies, like the ribosome, or as more transient structures which 
unite to perform a single action such as passing a signal through the cell. Biological 
processes result from the interplay of structures at higher and lower scales of organi-
zation, so studying single problems often requires the use of several methods. The wide 
range of facilities, expertise, and services offered by EMBL's main Laboratory and its 
Outstations provides a complete set of tools for developing such integrative pictures 
of biological processes. 
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Using light microscopy to detect proteins 
within cells 

The first clue to a protein's function comes from determining which kinds of cells 
in an organism express it, and where it is located in these cells. Biologists determine this 
with a molecular probe-a molecule such as an antibody that binds exclusively to the 
protein they want to investigate. Probes can be linked to fluorescent dyes which are vis-
ible under particular wavelengths of light. The dyed probe enters a tissue and binds 
everywhere that it finds the protein, which can now be observed through a microscope 
utilizing the proper kind of light. If the protein is embedded in the outer membrane, the 
cell periphery will light up in a fluorescent color; if the nucleus glows instead, or the 
cytoplasm, then the protein may well have a function in one of these areas. 

Samples have to be specially treated to allow the probe to enter cells. This pro-
cedure arrests cell processes, stopping metabolism and most molecular interactions, 
thus the resulting picture represents only a snapshot view of the distribution of a pro-
tein in the cell. If a biologist wants to examine the protein's dynamic behavior within a 
living cell, other methods have to be used. 

A breakthrough in this area occurred a few years ago when biologists discovered 
a protein in jellyfish (CFP) that emits fluorescent light when illuminated. Researchers 
can link the gene for this protein to genes for cellular proteins in other animals and intro-
duce the new, combined gene into living cells. This causes the cell to create a fluores-
cent version of the animal protein which can be watched as it moves: as it is transport-
ed through the Colgi complex, for example, or imported into the cell nucleus. 

The group of WILHELM ANSORGE (Biochemical Instrumentation) operates EMBL's 
Microinjection Facility and has developed techniques by which DNA, RNA or proteins 
can be introduced into living cells and observed. RNA molecules that have been labeled 
with a fluorescent dye, for example, can be injected into developing egg cells and 
watched as they are transported to their destinations. These techniques are now stan-
dard procedure for molecular biologists throughout the world. 

The logical extension of this procedure is video microscopy, which makes use of 
special cameras to record dynamic processes such as the transport of vesicles from the 
cell membrane to compartments in the cytoplasm, or the movement of proteins within 
cells. This has posed a new challenge to researchers involved in image processing. To 
translate information from video frames into quantitative data requires computer pro-
grams capable of recognizing objects, measuring their size, and tracking them across 
space and time. Members of the groups of CHRISTIAN BOULIN (Cell Biophysics) and 
Wilhelm Ansorge have developed imaging software to provide this support to 
researchers throughout the Laboratory. 
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Light microscopy has been steadily improved as scientists have sought new ways 
to observe proteins and other structures in cells. ERNST STELZER'S group (Cell Biophysics) 
has been at the forefront of these developments for many years. Their main work has 
been to design and refine a new technique called confocal laser microscopy, in response 
to some of the weaknesses of traditional light microscopes. Conventional instruments 
present the viewer with a two-dimensional image which can't do justice to three-dimen-
sional biological specimens. Frequently, structural features that lie above or below each 
other will be superimposed in an image, making it difficult to distinguish them, espe-
cially in the examination of thick samples or whole embryos. 

Confocal microscopes use a 
computer-controlled laser light source to 
construct three-dimensional images of a 
specimen. Rather than illuminating a 
whole sample evenly, the way 
conventional light microscopes do, 
confocal instruments focus a laser beam on 
a precise point at a precise depth in a 
sample. A measurement is taken of the 
intensity of fluorescence of this single spot, 
and the beam moves on to scan the rest of 
the sample at this particular depth. The 
resulting fluorescence information is 
assembled into a picture which represents 
a thin slice of the specimen. Now the beam 
can be refocused on a point lower or higher 
in the sample, and after complete images 
of several slices have been generated, the 
computer can stack and assemble them 
into a fullpicture of a protein's three-
dimensional distribution in a cell. 

Confocal microscopes allow researchers to 
determine the exact position of proteins inside 
the cells of whole embryos. In fly embryos, a 
protein associated with cell junctions (stained 
red) is found in the periphery of cells, while the 
transcription factor Fos (green) plays an 
important role in cell nuclei at this stage of 
development. 

Over the years, Stelzer's group has developed seven generations of confocal laser 
microscopes as well as other high-resolution microscope techniques, each created to 
improve image quality, as well as to make the instrument easier to use. To make a true 
impact on biology, so the group's philosophy goes, an instrument must be easy to han-
dle for a wide range of users. 



Higher resolution through electron microscopy 

In light microscopes, a beam of photons passes through a specimen and then 
through optical lenses which resolve it into an image. Much higher resolutions can be 
obtained by using a beam of electrons. Electrons interact so strongly with matter that 
samples have to be isolated in a vacuum; special coatings and stains are used to protect 
the sample from the vacuum and to increase its interaction with the electron beam. 

KEVIN LEONARD's group (Structural Biology) is combining EM with image recon-
struction techniques to study large multi-domain proteins found in the muscle 
cytoskeleton, multi-protein complexes including membrane proteins, and proteins 
involved in muscle regulation. In 1997, a collaboration with scientists from the 
University of Dusseldorf led to surprising insights into the organization of a large pro-
tein assembly found in membranes, called Complex I. This structure is involved in trans-
fering protons across membranes, an essential step in the energy metabolism of both 
bacteria and eukaryotic cells. The eukaryotic version of Complex I contains about twice 
as many proteins, and it has twice the mass of its bacterial counterpart. 

However, a comparison of EM images of the two forms of Complex I revealed 
that they have almost identical dimensions and strikingly similar overall shapes. Shape 
is usually very strongly allied with protein function, so from the evolutionary point of 
view, Complex I must have needed this particular configuration in order to function 
properly in membranes-the shape has been preserved despite millions of years of 
mutations in its components. Although mutations happen at the level of genes, result-
ing in proteins with new amino acid sequences, what seems to be most important is that 
the larger structure is assembled correctly: changes in the individual components are 
permissible as long as they don't interfere with higher levels of organization-and thus 
the function-of a protein complex. 

An alternative method for preparing specimens is cryo-electron microscopy. This 
method was developed at EMBL for the examination of single particles, such as viruses 
and microtubules, by Jacques Dubochet in the early 1980s. Cryo-EM prepares specimens 
by cooling them in water so quickly that ice crystals can't form; instead, super-cooled 
water coats the sample like a thin layer of glass. The low contrast of images obtained in 
this way can be enhanced with the help of sophisticated computer programs. By 
superimposing many single images of a multi-protein complex in the computer, 
scientists are able to obtain a three-dimensional picture of the structure at high 
resolution. EMBL has remained a leader in this technique and the Laboratory's regular 
courses in cryo-EM and image reconstruction have trained the majority of European 
and American scientists who are working in this field. 

Cryo-EM is used by DENIS CHRETIEN and his co-workers (Structural Biology) to 
examine various aspects of microtubules. These structures grow by slowly adding tubu-
lin building blocks to their ends, but can also disassemble very rapidly, a process known 
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as dynamic instability. Studies by Chretien and his collaborators have suggested new 
mechanisms by which the growth properties of micro tubules are controlled: a particu-
lar structural conformation of microtubule ends-visible in cryo-EM images-seems to 
be crucial in the way they achieve stability (figure on page 50). In collaboration with the 
group of STEVE FULLER (Structural Biology), 
Chretien has also been investigating the structure 
of centrioles-mysterious protein assemblies with-
in cell centro somes-and the changes that this 
organelle undergoes during cell division. 

The combination of cryo-EM and image pro-
cessing has given EMBL researchers a powerful 
tool to study the organization of proteins in virus-
es. Stephen Fuller's group used this technique to 
capture images of the Semliki Forest virus at a res-
olution of better than a millionth of a millimeter, a 
record resolution for a membrane virus. By com-
bining such EM experiments with other methods 
to examine higher-resolution structures of single 
viral proteins, researchers can develop a detailed 
model of the virus and the changes that occur in its 
structure when it enters or leaves a host cell. In 
another series of experiments, Fuller's group 
described how HIV-l, the AIDS virus, forms new 
particles to be released from the cell. Surprisingly, 
the structure of the virus shell is less regular over-
all than previously assumed, and EM observations 

.. 

Immature particles of the AIDS virus 
HIV-l assemble from well-ordered 
spherical sectors, indicated by the 
black lines in this electron microscop-
ic image. 

have enabled the researchers to create a model that explains how smaller, well-ordered 
pieces of the shell are joined to build the mature virus particle. 

Viruses are able to take charge of the cell machinery for their own purposes in a 
devastatingly efficient way. Studying the cell has led to important information about 
how viruses work; now researchers are exploring the possibility of turning the tables 
and using viral mechanisms in medical applications. Viral shells consist of proteins 
which enclose other proteins and genetic material. ROB RUIGROK'S group (Grenoble 
Outstation) is studying protein structures of the virus that enable it to enter cells, to copy 
its genome, and to be released from the cell. With electron microscopy, the researchers 
can observe the interaction of the viral genome with the proteins involved in replicat-
ing and packaging it into new particles. Biochemical methods give a look at how par-
ticular proteins, for example, change the structure of viral RNA during the replication 
cycle. The group participated in a project with researchers from the IBS in Grenoble to 
produce two proteins that make up the shell of adenoviruses. EM images showed that 
the proteins were able to assemble themselves into virus-like particles inside cells, even 
though they weren't accompanied by any other viral DNA or proteins. Since these arti-



ficial particles could allow 
researchers to shuttle genetic 
material into cells, they have 
potential use in medical appli-
cations such as gene therapy. 

Microscopy by 
touch 

A visual examination of 
the shapes and configurations 
of biological structures often 
yields important information 
about their functions in the 
cell. But measuring other prop-
erties, such as their electrical or 
mechanical characteristics, or 
forces that structures exert on 
each other, may be more infor-
mative. HEINRICH HaRBER's 
group (Cell Biophysics) has 
found ways to study these 
qualities of cellular compo-
nents by applying new types of 
microscopes which essentially 
operate by touch rather than 
by vision. 

One type of instrument 
moves a probe with a micro-
scopically fine tip-which 
may be so sharp that it ends in 
a single atom-across the sur-
face of a specimen. Irregulari-
ties in the surface can be 
detected by carefully watching 
the movements of the probe. 
This method, called atomic force 
microscopy (AFM), can be used 
to create a picture of individual 

The tip of an 
atomic force 
microscope (top) 
"feels" the surface 
of a mechanosen-
sory cell in the 
inner ear (bot-
tom). The white 
bar has a length 
of one thousandth 
of a millimeter. 
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atoms on the surface. And it has such a high sensitivity to force that researchers can 
directly observe the mechanical properties of biological structures, such as the elastici-
ty of membranes, or the strength of the force exerted by a single motor protein as it 
moves a cargo along a microtubule. 

This technique was applied in 1997 to a study of the mechanisms underlying 
hearing in mammals. Acoustic waves arriving at the inner ear cause vibrations on the 
surfaces of mechanosensory cells, which convert the motion into electrical signals and 
pass them on to other nerve cells, which then transmit them to the acoustic centers of 
the brain. In collaboration with researchers in Tiibingen, Harber's group developed a 
new combination of instruments to study this complex process. AnAFM probe is placed 
on the surface of a mechanosensory celt where it can be used to stimulate tiny struc-
tures called stereocilia. A thin glass pipette records changes in the cell's electrical prop-
erties as it is stimulated, and a specialized light microscope monitors the experiment. 
This capacity to simultaneously observe the mechanic at electric at and optical proper-
ties of mechanosensory cells-inherently connected, but usually studied separately-
may allow researchers to unravel complex relationships between molecular mecha-
nisms within cells. 

In another technique called photonic force microscopy, developed at EMBL in a col-
laboration between the groups of Harber and Stelzer, a small fluorescent bead is trapped 
in the laser beam of a special confocal microscope-like a ball held in the air with a pow-
erful stream of water. The beam can move the bead in any desired direction; as it is 
moved, it may encounter obstacles and forces which knock it slightly out of the center 
of the laser beam. These subtle motions can be detected and charted in several ways. 
One method measures the brightness of the bead, because moving it away from the cen-
ter of the laser beam changes the intensity of its fluorescence. A second technique detects 
movements of a shadow cast by the bead. A computer interprets the fluctuations and 
uses them to construct an image of the bead's position. 

Photonic force microscopy is so new that its potential has only just begun to be 
explored, but it has already been applied in several interesting studies. If the bead is 
rolled over a cell surface, for example, very detailed pictures of the membrane land-
scape are obtained. The instrument has also been used to examine the mobility of pro-
teins embedded in cell membranes. When the bead is attached to a protein, its move-
ment is restricted by the viscosity of the membrane or by interactions with other struc-
tures like cytoskeletal components. The forces measured by the microscope provide 
detailed information about a single molecule's environment. 

This work is an example of the deepening relationship between biology and 
physics, which EMBL sees as one of the most important current developments in molec-
ular biology. The Laboratory is optimally positioned to take advantage of interdiscipli-
nary movements such as this; one change in this direction is the fusion of the Cell 
Biology and Cell Biophysics Programmes into a single programme in 1998. 
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Studying Proteins in 
Crystals and Solution 



X-ray crystallography 

Two decades before he became the first Director General of EMBL, John Kendrew 
used X-rays to examine crystals he had made from the protein myoglobin, purified from 
sperm whale tissue. Collaborating with his teacher Max Perutz, he struggled for two 
years to decipher the data obtained from these experiments, finally arriving at the first 
structural description ever made of a protein. Kendrew's work on myoglobin and 
Perutz's studies of haemoglobin led to their 1962 Nobel Prize for Chemistry. Since then, 
hundreds of proteins have been studied with X-ray crystallography, and today this 
method is the most standard tool used to solve protein structures. 

X-rays contain much higher energy than the visible light or electrons used by 
microscopes, and when they are used to examine proteins or protein complexes, this 
energy translates into higher resolution. Ideally, an X-ray study can reveal the position 
of every amino acid and every atom in a protein's structure. 

An X-ray beam aimed at a molecule is deflected by the electrons that surround 
atoms and the bonds between different atoms. The diverted beams are registered as a 
pattern on an image detector, such as a photographic plate, and the pattern can be used 
to draw a three-dimensional map of the electron density of the protein. This can't be 
done with a single protein molecule, because single molecules diffract X-rays or other 
beams very weakly. Protein crystals have proven ideal for this type of study. A crystal 
consists of large numbers of identical molecules stacked side-by-side in a regular array, 
and because many of these molecules have the same orientation, they deflect the beam 
in the same way to create a much stronger diffraction pattern. 

The conditions under which crystals form are so complex that making them is 
more of an art than a craft. Each protein requires its own treatment; starting with a con-
centrated protein solution, researchers have to find the precise conditions under which 
the protein will form large, well-ordered crystals. Parameters like the purity and homo-
geneity of the protein, the temperature, and the concentration of salts and other mole-
cules in the solution must be varied in a painstaking procedure of trial and error in 
which chance plays an important role. Obtaining protein crystals may require months 
of experimentation; in many cases, the protein can't be crystallized at all. 

When X-rays collide with crystals, they are diffracted in various directions. 
Unlike the optical patterns produced by light and electron microscopy, the diffraction 
patterns can't be resolved directly into pictures by lenses; a picture of the atoms in the 
sample is constructed through a complicated set of calculations. One of EMBL's main 
contributions to the field of crystallography has been the development of detectors to 
capture the diffracted waves. The first detectors were photographic plates, like those 
used in medical X-ray examinations; later, researchers built more advanced image plates 
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and finally electronic detectors similar to sophisticated Geiger counters. The groups of 
CHRISTIAN BOULIN (Cell Biophysicst CHRISTOPH HERMES (Hamburg Outstation), and 
ANDRE GABRIEL and FLORENT CIPRIANI (Grenoble Outstation) have been active in creat-
ing imaging technology that has become standard in crystallography instrumentation. 

MAD and the phase problem 

The spots captured on an image plate contain information about the intensity of 
a deflected X-ray beam, but this is only half of the information needed to reveal the 
atomic structure of a protein. A wave diffracted by a crystal consists of peaks and 
troughs, and the phase it is in when it hits the image detector contains important infor-
mation. The single spot registered by the detector doesn't hold any information about 
this dimension, which must be known to determine the protein's atomic structure; this 
is the central problem of X-ray methodology. It was this obstacle that made the task of 
Kendrew and his colleagues such a daunting one. 

To add phase information to the pic-
ture captured by detectors, researchers need-
ed to contrast the results of a measurement 
with reference patterns such as those 
obtained from different variants of the same 
protein. Traditionally, variants are created by 
adding extra atoms of a heavy metal to the 
protein crystal. The metals take up well-
defined positions in the arrays of protein mol-
ecules, and the patterns that are produced 
when they are struck by X-rays can serve as 
landmarks in the determination of phase 
information. Using different variants of the 
protein with different metals gives a biologist 
enough information to start building a map of 
the atoms in the protein. 

Ideally, the only difference between the 
original protein crystal and its metal-contain-
ing variants will be the metal atoms them-
selves. Things are not so simple, however: the 
presence of metal atoms can sometimes 

Growing protein crystals suitable for X-ray 
analysis is often more of an art than a craft. 



change the structure of the protein, as well as the way it is packed into crystal form. 
This means that variants may differ in more than one respect, which causes imprecision 
in the measurement of phases. 

Researchers have recently found a way to overcome this problem by using only 
one variant of a crystal containing only one type of heavy atom. Multiple anomalous dis-
placement phasing experiments (MAD) expose the same crystal to X-rays of slightly dif-
ferent wavelengths, producing a series of diffraction patterns which can be compared 
with each other to calculate missing phase information. MAD phasing uses precisely 
the same crystal in the same orientation for all measurements, eliminating variables and 
speeding up the process of structure determination. 

MAD was an attractive idea that might have come into wider use earlier, but there 
was a significant problem: most laboratory X-ray sources can only produce radiation of 
one fixed wavelength. The development of new biological applications depended on 
the acquisition of a much more powerful source of X-rays that could produce a wider 
spectrum of radiation. 

Turning up the power with synchrotron 
radiation 

In the late 1960's, crystallographers were strongly feeling the constraints of tra-
ditional X-ray methods: to study a single crystal was an agonizingly slow process, and 
the limited energy of the beams had set an upper limit on the resolution that could be 
obtained. Stronger X-rays were available: physicists produced them in their experi-
ments in particle accelerators (synchrotrons). Perhaps synchrotrons could be used for 
crystallography. Ken Holmes at the Max-Planck Institute (Heidelberg) demonstrated 
that synchrotrons could be used for crystallography at the German Electron 
Synchrotron Radiation Facility (DESY) in Hamburg; he then convinced the founders of 
EMBL to establish the Laboratory's first Outstation at DESY as the main EMBL facility 
was being built in Heidelberg. Another synchrotron accessible to biologists, the 
European Synchrotron Radiation Facility (ESRF), came online in 1994 in Grenoble at a 
site where EMBL had already established a second Outstation. This gave European 
researchers access to the world's first "third-generation" synchrotron. Scientists at both 
Outstations have conducted important research into protein structures and have been 
key developers of technology while offering critical services to hundreds of users from 
throughout Europe. 
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In a synchrotron, electrons (or positrons, their positively-charged 
counterparts) are fired into a huge, ring-shaped tube and are made to fol-
low the circular path by magnets mounted in the ring. Forcing the parti-
cles to bend causes them to emit energy in the form of X-rays, which are 
channeled out of the ring through windows. The strength of the radiation 
is determined by the maximum amount of bend that electrons can be 
forced into. Special wiggler or undulator beams, where electrons bounce 

Biologists circle the synchrotron on 
bicycles at relativistic speeds. 

Schematic drawing of the synchrotron 
ring and the beamlines at the ESRF in 
Grenoble - (schematic ring diagram 
courtesy of the ESRF) 

Particles circulating in the 
synchrotron produce X-rays, which 
are directed out of the ring through 
windows. This radiation travels 
along a straight tube called a 
beamline. 



along very closely-placed magnets, produce extremely high energy. The X-rays escape 
and shoot through a beamline-a straight tube aimed directly at a mount holding a tiny 
protein crystal. Between the window and the crystal, wavelengths can be filtered out of 
the X-ray spectrum, and the beam is focused into a microscopic stream of X-ray pho-
tons. 

The enormous intensity of synchrotron X-rays makes it possible to take meas-
urements by irradiating a specimen for minutes, rather than days, and smaller crystals 
or material of poorer quality can be studied. These factors are crucial to crystallogra-
phers, because many proteins do not form crystals well. Reducing exposure time is also 
desirable because X-rays have a destructive effect on protein crystals; the longer the 
experiment, the poorer the quality of diffraction patterns will be. One method of reduc-
ing these decay processes-developed in part at EMBL-involves flash-freezing crys-
tals to make them much more robust in the face of strong radiation. 

Diffraction patterns produced by synchrotron beamlines permit a look at very 
large multi-protein complexes at intermediate resolutions or smaller proteins at 
extremely high resolutions. A 1997 study conducted in Hamburg by Robert Huber's 

The protein crystal is placed on a tiny mount. 
X-rays exiting the beamline strike the sample and 
are scattered onto a detector plate (black circle) . The 
resulting pattern can be analyzed to reveal the 
arrangement of atoms in the crystal. 

Filters along the beamline select the wavelength of radiation that will be 
used to examine a protein crystal, and a series of shutters focuses the beam 
down to microscopic size. 
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group (MPI Munich) succeeded in describing the crystal structure of the yeast protea-
some, a huge cellular machine responsible for degrading proteins. This barrel-shaped 
assembly consists of 28 proteins and is one of the largest protein structures made of het-
erogeneous subunits ever solved. Working at the beamline run by BJARNE RASMUSSEN at 
the ESRF, visitor David Stuart (University of Oxford) analyzed the core of bluetongue 
virus, whose inner shell contains 900 subunits of two types of protein. Together, the 
complex has a mass equivalent to the weight of 60,000,000 hydrogen atoms-the largest 
biological assembly so far to produce well-diffracting crystals. 

Higher resolution may be required to determine the positions of certain critical 
atoms in a protein-hydrogen atoms or water molecules, for example-which are often 
lost when a structure is examined at lower resolution. KEITH WILSON, who retired from 
his position as Head of the Hamburg Outstation in 1997, and VICTOR LAMZIN were able 
to push resolution up to the level of single atoms. This can be achieved only if a pro-
tein crystal is extremely well ordered, and growing such a crystal is not easily achieved 
for most proteins. 

Synchrotrons produce a broad spectrum of X-rays-optimal for the MAD 
method, where the same crystal must be exposed to different wavelengths. These are 
selected by filters as the beam leaves the ring. MAD phasing is growing in popularity, 
which is creating high demand for beamlines at the synchrotron facilities in Hamburg 
and Grenoble. EMBL has responded to this need by investing more personnel in syn-
chrotron service: PAUL TUCKER (Structural Biology) is moving to Hamburg in 1998 to 
increase the scientific support staff. Existing beamlines are also being rebuilt for exclu-
sive use in MAD phasing studies. These techniques require beams of high intensity and 
very stable wavelengths, and scientists at the Outstations have continuously set world-
wide standards by improving both the quality of the beams and the instruments used 
in detecting diffraction patterns. 

There are only a handful of synchrotron sources in the world, and these are large-
ly devoted to research in particle physics, materials science, and other non-biological 
fields. In Europe there is a great need for more beamlines devoted to biology. MATTHIAS 
WILMANNS, the new Head of the Hamburg Outstation, has emphasized that any expan-
sion of capacities must be accompanied by very high-quality user support, because the 
success of many visitors' projects depends on it. The situation at the EMBL Outstations 
is unique because this support is offered by molecular biologists who are actively pur-
suing their own research as well as educating young researchers. Additionally, the 
staff's heavy involvement in technology development makes it possible for EMBL to 
put the latest developments in equipment and techniques into the hands of users almost 
as soon as they have been installed. 



Crystallography with neutrons at the Grenoble 
Outstation 

The original purpose of the Grenoble Outstation, created at the Institut Laue-
Langevin (ILL) in 1976, was to pursue one of the newest techniques in structural biol-
ogy: using neutron radiation to explore the structure of proteins in solution or in crys-
tals. As in X-ray diffraction experiments, neutrons are channeled into a beam which is 
focused on a biological sample, and interactions with atoms in the specimen are cap-
tured by a detector, but here the technical similarities end. The neutrons are produced 
in the active core of a steady-state nuclear reactor, rather than a synchrotron, and are 
channeled out through windows in the reactor. The particles are cooled in water for a 
variable length of time-depending on whether "hot" or "cold" particles are required-
and then released in a beam focused on the sample. 

X-rays interact with the electrons surrounding an atom, whereas neutrons inter-
act with atomic nuclei. Since heavier atoms have so many more electrons than simpler 
atoms like hydrogen, X-ray studies are biased towards the heavy atoms, to the point 
that the positions of hydrogen atoms and water molecules associated with the protein 
are often lost. Since these can serve important functions in proteins-they may, for 
example, be involved in the catalytic mechanisms of enzymes-not knowing their exact 
positions in a protein can leave important questions unanswered. In neutron studies, 
small atoms are just as visible to detectors as their larger counterparts. 

The main disadvantage of neutron studies stems from the weakness of the beams: 
reactors produce low quantities of neutrons, so the examination of a single protein crys-
tal can take months. Additionally, there are very few nuclear reactors in the world which 
are accessible to biologists. As a result, the method has mainly been used as a comple-
ment to X-ray studies of important proteins, particularly in cases where hydrogen and 
water molecules seem to play significant structural roles. 

At the Outstation, EMBL researchers are trying to increase the efficiency of neu-
tron studies by using the full energy spectrum. This means that neutrons at some wave-
lengths will be deflected at very sharp angles, however, creating a diffraction pattern 
that can't be captured by a two-dimensional detector, so in 1997 the group of CLIVE 

WILKINSON built a cylindrical detector surrounding the sample that can trap beams scat-
tered in all directions. In tests, this new diffractometer (called LADD was able to com-
plete data collection from a crystal in only ten days-less than a tenth of the time that 
similar neutron experiments had taken in the past. This tremendous leap in efficiency 
will make neutron diffraction much more widely applicable in the study of protein 
structures. 
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Studying proteins in solution with NMR 

Ideally, proteins should be studied in a context as close as possible to their natu-
ral, fluid environment. Many regions of a protein are not rigid but have a certain degree 
of freedom to move, and the tight packing that occurs when a protein crystallizes can 
distort the parts in ways that do not reflect their natural structure. It is necessary to 
study proteins in solution to view processes like protein folding and domain move-
ments which can't be observed through X-ray crystallography. 

Over the past 25 years, a method called nuclear magnetic resonance spectroscopy 
(NMR) has been developed to examine proteins in liquids. This approach has gained 
strong popularity among structural biologists because it bypasses the laborious process 
of creating protein crystals and it avoids some of the shortcomings of X-ray studies. 

NMR exploits the fact that the atomic nuclei of certain elements, like hydrogen, 
behave like tiny bar magnets: they generate their own magnetic fields and influence 
those of nearby atoms in the same molecule. By measuring the magnetic properties of 
a large number of these atoms, scientists can calculate the distances separating them, 
ultimately determining the three-dimensional structure of a molecule. 

In an NMR experiment, a strong magnetic field is applied to a protein in solu-
tion. This aligns all of the magnetic nuclei of the molecule in the same direction, much 
like bringing a magnet close to a collection of small compasses. The sample is then 
exposed to a brief, intense burst of radio waves. The nuclei absorb some of this energy, 
causing them to wobble around the axis of the magnetic field . The burst stops, and at 
some point each nucleus will unload the extra energy and return to its original orien-
tation. In doing this it emits a radiowave with a frequency-the resonance frequency of 
the magnetic nucleus-which is characteristic of the type of atom it is, but which also 
depends on other atoms in the immediate vicinity. A hydrogen atom bonded to a car-
bon atom, for example, emits a different frequency than one which is bonded to nitro-
gen. 

These emissions are recorded, and in theory the slight differences between all the 
hydrogen nuclei of a molecule can be used to plot their relative positions, eventually 
yielding the molecule's structure. This works well for small parts of proteins, but a struc-
ture containing only ten amino acids can contain over 100 hydrogen atoms, and pro-
teins are usually much larger than this-the NMR spectrum of a protein with 200 amino 
acids contains information about thousands of hydrogen atoms. Many of these will have 
similar environments and will thus emit similar frequencies . The resulting spectrum 
will be so crowded that the molecule's structure is impossible to resolve by simple NMR 
techniques. 



Structural biologists have sought to overcome this problem by developing multi-
dimensional NMR methods. Several short measurements are made, each varying a single 
parameter: the frequency of the radio wave pulse, or the time interval between pulses, 
or the time lag between a pulse and the recording that is made of the spectrum. 
Improvements in NMR methodology have also made it possible to measure signals 
from the nuclei of atoms other than hydrogen, such as nitrogen or carbon. 

A recording from a multi-dimensional NMR experiment yields thousands of 
spectra, however, and this causes the dilemma that they must be interpreted in a tedious, 
visual examination. Scientists must identify interactions between specific nuclei in the 
structure; they must eliminate background signals, and a large number of ambiguous 
cases must be resolved. The groups of MICHAEL NILGES and HARTMUT OSCHKINAT 
(Structural Biology) have developed computer tools that automate some of the process 
of analysis . Their programs have been successfully tested, and the researchers hope that 
the near future will bring computer-based expert systems able to solve protein struc-
tures practically on their own. 

Despite the fact 
that NMR is still limited 
to determining the 
structure of rather small 
proteins (the record 
structure consists of 
slightly more than 250 
amino acids), the method 
is making a significant 
contribution to protein 
studies: in the past two 
years, a quarter of the 
structural descriptions 
added to protein 
databases have been 
derived from NMR 
studies. Technical ad-
vances and new 
machines capable of pro-
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ducing stronger magnetic fields should soon allow researchers to double the current 
limit. And NMR has unique capacities to observe protein dynamics: how a chain of 
amino acids folds into a characteristic three-dimensional structure, and how the 
structure changes when, for example, a ligand binds to the protein. 

Previously, comparing the structures of slightly-different mutations of a protein 
required that a researcher make crystals of each variant. NMR's capacity to analyze pro-
teins in solution skips over this time-consuming step. LUIS SERRANO'S group (Structural 
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Biology) is looking at mutations to study interactions between the various levels of pro-
tein folding. Proteins don't really form their final, three-dimensional structure from the 
bottom up-with amino acids dictating the secondary structure of helices and sheets, 
which then determine larger functional domains. The overall shape assumed by a pro-
tein is the result of competition and interaction between structures at all levels. Mutant 
forms can provide a glimpse of how much freedom and variation is tolerated at the 
amino acid level before the global folding of a structure is affected. 

Serrano's group has found that a short stretch of amino acids that is likely to fold 
into a helical conformation in isolation can nonetheless adopt a sheet-like folding when 
placed into the context of a whole protein. However, the mutant protein will not reach 
the correctly folded state as quickly as the normal protein, and will be less stable when 
it has attained this state. By comparing the differences between the unfolded and fold-
ed state of proteins, Serrano's group was also able to deduce some of the rules by which 
helices, sheets, loops and turns form. The best test for such rules is to see how accu-
rately they can predict how a new protein will fold. The researchers used a computer 
program to design new peptides, and when these peptides were actually synthesized, 
they folded precisely as predicted. 

Another very effective application of NMR has been to analyze isolated domains 
of proteins. Since these functional regions are often composed of fewer than 200 amino 
acids, NMR provides a quick way to solve their structures. In one major project pur-
sued by several groups in Heidelberg and in Hamburg, researchers are investigating 
the structure and function of the largest known protein: the muscle protein titin, a chain 
of 27,000 amino acids organized into about 250 functional modules, most of which 
belong to two types of domains also found in other proteins. Analysis of a selected num-
ber of titin's domains helped EMBL researchers to formulate a molecular explanation 
of the way the protein contributes to muscle elasticity in different tissues. 
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Sequencing proteins by mass spectrometry 

Proteins carry out such important activities that the discovery of a new one may 
make a significant contribution to our understanding of a biological process. Identifying 
the protein's structure and function is a complex task. Most proteins work in groups, 
either as transient partnerships or in stable complexes which can contain dozens of dif-
ferent molecules. The function of a single protein must be understood in the context of 
the other proteins it interacts with; complementarily, to explain how a large complex 
like a spliceosome particle works in a cell, the amino acid sequence of all of the proteins 
that make it up must be known. 

The key to studying a protein's function lies in knowing the sequence of the gene 
it is made from. Many copies of its DNA can then be made in the test tube or in bacte-
ria, and enzymes are used to modify its sequence or recombine it with other sequences. 
The resulting recombinant DNA can be put back into cells to produce large amounts of 
the protein for structural or biochemical analysis. Engineered forms of the gene can be 
tested in cells to contrast the behavior of a mutant protein with that of its normal coun-
terpart. 

Although there are various ways to identify the gene for an unknown protein, 
the most direct approach in many cases will be to first determine the sequence of a few 
amino acids in one of its parts. This used to be done in a costly, time-consuming process: 
after purifying large quantities of the protein, researchers could use enzymes called pro-
teases to cut the protein into smaller peptides. The sequence of some of the amino acids 
of each peptide could then be obtained by removing amino acids chemically, one-by-
one, and determining their identities. This partial information should suffice to isolate, 
map, and sequence the DNA of the gene. 

Over the last ten years, a unique new method of determining amino acid 
sequences in proteins has been developed at EMBL, thanks to pioneering research con-
ducted by the Protein and Peptide group headed by MATTHIAS MANN (Biochemical 
Instrumentation). Mass spectrometry enables researchers to make very precise measure-
ments of the weight of a molecule. When applied to proteins, it can yield crucial 
sequence information from tiny amounts of protein in a very short time. The need to 
produce vast quanitities of proteins has been eliminated. 

Mass spectrometry is based on the fact that when an electrically-charged mole-
cule flies through an electric field, the way that it is accelerated depends on its mass and 
charge. If two molecules with the same charge but different weights are sent into the 
field, they will be accelerated differently, and the lighter molecule will strike a detector 
at a different time or location than the heavier one. This allows an extremely exact meas-
urement of a molecule's mass: a molecule with the weight of 10,000 hydrogen atoms 



can be distinguished from one with the weight of 10,001 atoms of hydrogen. Thus mass 
spectrometry provides an unambiguous and sensitive way of identifying molecules by 
their mass, a fact which has made it an extremely useful tool in fields like pharmaceu-
tical or environmental research. 

Since this method can only be applied to molecules in a gas-like state, there was 
an obstacle to using it in the analysis of proteins, because the conventional methods of 
liberating molecules from liquids usually damage a protein's structure. In 1988, two 
independent methods were developed to get around the problem. MALDI utilizes a 
short laser pulse which frees charged proteins in an evaporation-like process. In the sec-
ond method, electrospray ionization, protein molecules are expelled from a very fine 
pipette in microscopic droplets. When the water in a droplet evaporates, the protein is 
left behind as a gas of isolated molecules whose weight can now be determined by the 
mass spectrometer. 

Mann's group has improved 
and refined both techniques to the 
point that now minimal amounts of 
protein can be analysed with very 
high accuracy. One important inno-
vation was the nano-electrospray 
technique, which uses a much finer 
needle to produce even finer pro-
tein vapors. Proteases cut the mol-
ecule into peptides of various sizes, 
whose exact weights are deter-
mined in the mass spectrometer. By 
splitting the peptides into even 
smaller fragments in the instru-

A nano-electrospray needle in front of the sam-
ple inlet of a mass spectrometer. The tip is so 
fine that it can't be observed in this photograph. 

ment and measuring their individual masses, information about the position of indi-
vidual amino acids in each peptide can be obtained. 

This two-step method, tandem mass spectrometry, produces two types of informa-
tion: the exact molecular weights of the peptides cut out of a protein, and at least one 
short sequence of amino acids from each peptide. The two features are combined into 
a profile called a peptide sequence tag (PST) which can be used like a molecular finger-
print to match proteins to sequences in a DNA database. 

Mann's group has also designed computer tools to search databases with PSTs. 
Programs scan a database of DNA sequences and perform simulated transcription and 
translation of known genes; the resulting "virtual proteins" are cut into "virtual pep-
tides" using programs that simulate the activity of real proteases. The computer now 
compares the weights and amino acid sequences found by mass spectrometry with 
those generated by the program. If the database contains a matching DNA sequence, 



it will be found even if the PST is based on a very short peptide sequence. Since the 
database contains the genetic code for the whole protein, the researcher can thus obtain 
the amino acid sequence of the entire protein without having to do a complete analysis 
of it. 

After a long gestation phase, mass spectrometry experiments are yielding more 
and more protein sequences each year. Mann's group has created a unique packet of 
techniques which allow EMBL researchers and their collaborators to identify whole pro-
teins from mere traces of starting material-the smallest amounts of a protein detectable 
using sensitive biochemical methods suffice to start a mass spectrometry sequencing 
experiment. This means that if a large, multi-protein complex such as a spliceosome 
particle can be isolated, this method can provide the sequence of every protein in it with-
in a few days. Mann feels that these techniques should now be used to conduct an 
exhaustive survey of multi-protein assemblies and molecular machines, particularly in 
cases such as yeast, where the whole DNA sequence of an organism is known. 

Regrettably, Matthias Mann is leaving EMBL at the beginning of 1998 after near-
ly six years of remarkable research. The Protein and Peptide group, now led by 
MATTHIAS WILM, will continue to improve these techniques and provide mass spec-
trometry services to researchers within the Laboratory and to outside collaborators. 

DNA sequencing 

Since an organism's DNA contains the blueprints for all of its proteins, deter-
mining the sequence of the whole genome (all of the genes) of a species should ulti-
mately provide an exhaustive catalogue of the proteins produced by its cells, giving 
researchers the keys to unlocking fundamental cellular processes. Until recently, 
sequencing the whole genome of humans or other organisms seemed impractical, 
because techniques to analyze the structure of DNA were slow and inefficient. Instead, 
biologists identified proteins and genes that played roles in a process they wanted to 
study; the DNA of a gene was then isolated, mapped, and finally sequenced. Over the 
years, this type of work has produced a patchwork of gene sequences scattered across 
the chromosomes. 

Sequencing technology has evolved considerably in the past two decades, how-
ever, convincing biologists to begin large-scale, comprehensive analyses of the genomes 
of humans and other species. WILHELM ANSORGE and his group (Biochemical 



Instrumentation, Microanalytical Techniques group) have been major players in these 
technological developments, producing instruments and methods which have consis-
tently set standards in the field and have sped up the process of sequencing immense-
ly. The Ansorge group participated in the first complete description of the genes of a 
eukaryotic organism, baker's yeast, finished in 1996. Completion of this project has had 
an important effect on the way biologists investigate the function of proteins in yeast 
and other cells. 

DNA sequencing makes use of cellular enzymes whose job it is to create identi-
cal copies of the double-stranded DNA before the cell divides. Each of the four bases 
that make up DNA-A, T, G, and C-pairs with a complementary base, which means 
that each strand is a negative image of the other. When DNA is copied, the two strands 
are pulled apart. Proteins called DNA polymerases read the sequence of bases in a strand 
one by one and construct a new partner consisting of the complementary sequence. This 
strand will be identical to the old partner, which is simultaneously being copied by other 
polymerases. When copies of both strands have been made, the result is two identical, 
double-stranded daughter molecules. 

The properties of DNA polymerases have allowed biologists to harness the cell's 
replication machinery in order to analyze the sequence of a DNA molecule. Polymerases 
are put into a solution with DNA and are allowed to begin synthesizing new strands. 
To do this, they have to find building blocks with the right bases and stick them togeth-
er into a chain. But a small percentage of one of the bases provided in the solution has 
been specially constructed so that nothing can be added to it. Every time the polymerase 
looks for a T to complement the A in the DNA, there is a small chance that it will get a 
defective T and will stop synthesizing; the partially-completed strand will be aban-
doned. In the end, the solution will be filled with incomplete strands of various lengths, 
all ending in a defective T. If this experiment is conducted four times with the same 
DNA-adding a different defective base to each procedure-the researcher will have a 
huge collection of unfinished segments. These can be lined up: one strand ends after 
five bases, in a G; another one ends after six bases, in a T; yet another strand ends after 
seven bases, in an A. Thus the researcher knows that the original DNA strand has the 
complement to G as the fifth base, the complement to T as the sixth base, and so on. 

Ansorge's group has played a key role in automating this methodology, employ-
ing robots to perform some of the critical steps in the procedure. They have also 
designed computer tools capable of automatically assembling long stretches of 



sequences from overlapping shorter sequences. The 
group operates EMBL's Sequencing Service, which 
analyzes DNA for in-house groups and advises sci-
entists in planning sequencing projects. Instruments 
and software developed by the group have attract-
ed strong interest from other researchers and indus-
try, particularly from biotechnology and pharma-
ceutical concerns such as Pharmacia in Sweden. 

One recent improvement has been the design 
of an automated sequencing device (called Arakis) 

by which both strands of a DNA molecule can be 
analyzed simultaneously in the same test tube. A 
single experiment produces twice the information in 
the same amount of time, using almost the same 
quantity of materials. The improvements in effi-
ciency and accuracy achieved by Arakis enable 
researchers to sequence 400-500 samples simultane-
ously in one apparatus, which will ultimately allow 
about one million bases to be determined per day. In 
1997, EMBL delivered Arakis sequencing technolo-
gy and software to the start-up company Lion AG in 
exchange for shares-part of a new technology 
transfer initiative on the part of the Laboratory. 

Gene Skipper: an integrated software 
package for the planning and analy-
sis of large-scale DNA sequencing 
projects. 

Today's methods for analyzing DNA are so fast and reliable that acquiring 
sequence data is no longer a major problem. More difficult is the coordination of wide-
ranging activity spanning the globe: new strategies have had to be found so that 
researchers can avoid analyzing the same DNA sequence over and over again. So much 
information is being collected that organizing it and making it accessible to users in a 
practical way has become the greatest challenge of sequencing projects. 
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Making sequence databases more intelligent 

When a protein is isolated from a cell, researchers obtain a partial sequence and 
submit this information to a search engine that will comb the major biological databas-
es for information. The protein may already have been studied, in which case a data-
base may contain its full sequence and information about its function. This may sound 
as simple as looking up words in a vast dictionary or thesaurus, but scientists are after 
much more than simple matches. Even if the protein is new, a database somewhere may 
hold functional information about related proteins. Depending on how similar they are, 
these relatives may share important characteristics-they may contain a shared motif, 
such as a nuclear location sequence or a sequence indicating that the protein should be 
secreted from the cell. This information can provide a shortcut to discovering the func-
tion of a new protein. 

Ideally, protein and gene databases should contain function "trees" that allow a 
researcher to search for other proteins that may work in conjunction with the new one. 
Researchers at the European Bioinformatics Institute (EB!), EMBL's Outstation in 
Hinxton, are trying to develop classification systems to categorize and label entries in 
this way. It is no easy task to catalogue protein functions. Multiple criteria must be used 
and trees of categories have to be cross-linked. A transcription factor might be classi-
fied by the fact that it is the endpoint of a particular signaling cascade, by its function 
in a particular developmental process, by its activities on a certain gene, and in a num-
ber of other ways. But there is still no standard way to describe higher-level structures 
and functions in proteins. 

In making protein and genomic databases truly accessible, one problem is the 
huge amount of information that such databases have to juggle-estimates say that gene 
archives will hold up to 50 gigabytes of data five years from now, and this is still only 
a fraction of what they will need to hold in coming decades. New information is being 
added to the database so rapidly that it has become essential to capture data automat-
ically rather than waiting for individual researchers to submit complex forms. The EBI 
has been a driving force in developing such procedures. 

The creators of the databases have had to establish standards for the format and 
quality of information flooding in. Sequences have been collected for over three 
decades, although in 1980, when EMBL created its pioneering Data Library, they were 
still located in islands of specialist databases. Common protocols for recording sequence 
information were lacking, and combining all of this disperse data was a gargantuan task 
that has yet to be completed. Several EBI groups, including that of MICHAEL ASHBURNER, 
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are deeply involved in annotating database entries so that information on each sequence 
will be as complete and up-to-date as possible. 

Specialists at EMBL actively improve and maintain three important internation-
al databases: the EMBLNucleotide Sequence Database, SWISS-PROT / TrEMBL, and the 
Macromolecular Structure Database. Overseen by GRAHAM CAMERON, these informa-
tion services are critical for the world research community and for industry. Most of the 
software created at the Outstation can be downloaded via the World Wide Web, and is 
usually available at no cost to researchers all over the world. SRS, a sequence informa-
tion retrieval tool developed by THURE ETZOLD, uses a standard format to allow users 
to browse functional and sequence information from all the major databases. A new 
project with the title BioStandards, funded jointly by the EBI, the EU, and leading 
European pharmaceutical and biotechnology companies, has made it possible for the 
EBI to offer even more services to the international research community. 

The EBl's work is a prime example of what an international institution such as 
EMBL can do so well: it provides researchers throughout Europe and the rest of the 
world with an efficient, vital service which a single nation might not be able or willing 
to support on its own. 

Archiving the Genome 

The EMBL Nucleotide Sequence Database (NSD) is the oldest and most compre-
hensive library of DNA sequences in the world. Managed by GUNTER STOSSER'S group 
at the EBI, it collaborates closely with GenBank in the USA and the DNA Data Bank of 
Japan to collect more base-pairs than any other database. These three centers have cre-
ated international protocols for the recording of information and an efficient collection 
of data so that research groups don't duplicate efforts. Currently, the EBI is working on 
ways to reorganize the NSD so that the biological function of genes will be emphasized 
as much as their purely structural descriptions. Researchers are also developing meth-
ods by which different genomes can be compared, as well as new ways of linking 
sequences in the database so that users can navigate through them more easily. So much 
sequence information from the genes of various species is flowing in from major 
research centres that engineers have had to find ways of automating both the collection 
of sequences and updates of the copies of the database itself. The EBI has now managed 
to integrate everything from European patent literature and is developing methods to 
keep abreast of new information. 



Collecting protein sequences 

The second major type of biological database contains information about pro-
teins. SWISS-PROT, the most important database of this type in the world, was created 
by Amos Bairoch of the University of Geneva. Since 1987, EMBL has been heavily 
involved in the database, and now the two institutions are equal partners in its main-
tenance and development. SWISS-PROT was created to do much more than simply 
record sequences; its designers wanted to annotate each entry with critical commentary 
regarding what is known or postulated about a protein's function, its domain structure, 
variants in other species, and other known features. When a new entry is made, all of 
this information must be checked by external experts and constantly updated. Because 
sequences are being acquired at unprecedented rates, there is a significant back-log of 
protein sequences yet to be annotated. This encouraged the developers to add on a sec-
ond database, called Translation from EMBL (TrEMBL), which automatically collects 
information from high-quality sources and makes it accessible to researchers before the 
full SWISS-PROT entry can be made. 

Macromolecular Structure Database 

Until recently, the only database in the world devoted to collecting and sharing 
information specifically about three-dimensional protein structures was the Protein 
Data Bank (PDB) at Brookhaven National Laboratory in the U.S. The EBI has now cre-
ated a Macromolecular Structure Database (MSD) group, which is collaborating with 
the PDB to improve the quality and accessibility of the database. The group's first job 
was to establish copies of the PDB and a second database called the Nucleic Acid 
Database (NDB) at the EBL Subsequently, they began an intensive dean-up of existing 
PDB data, removing duplicate or outdated information. Starting in 1998, new submis-
sions to the PDB will be routed through the EBL One novelty of the improved database 
lies in the way some of its data is collected. Instead of requiring scientists to follow strict 
protocols in submitting information about new protein structures, the EBI has created 
a "harvesting" method: the programs which are used to refine protein structures can 
submit information by themselves, automatically. 
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Recording human mutations 

Currently, mutations in more than 500 genes are known to playa role in human 
disease, and when the complete human genome has been sequenced (expected by the 
year 2005 or sooner) researchers will have a baseline of information against which they 
can conduct a systematic study of genetic variation and mutation across the entire 
species. This may yield five times as many genes relevant to disease. Keeping track of 
this information presents the same problems to database designers as organizing data 
on proteins or the genome. A wealth of information on mutations already exists, but it 
is scattered throughout the world in small, specialized databases which are hard to fund 
over the long run and which may suffer from decreasing interest as the focus of a field 
shifts. 

HEIKKI LEHVASLAIHO and members of MICHAEL ASHBURNER' s group (EB!) are work-
ing with an international team to pull this information together into a single database. 
As the amount of information expands, it will serve increasingly important functions: 

Software from the EBI helps scientists visualize all the levels of 
structure in mutant forms of human proteins. 

in diagnosis and prog-
nosis in genetic disease, 
in studies of the origin 
and dispersal of human 
populations, and as an 
aid in the design of 
drugs; it will be used by 
molecular biologists, 
forensic scientists, epi-
demiologists, demogra-
phers, population biol-
ogists, genome map-
pers, and many others. 
Their needs cannot be 
served if steps are not 
taken in the immediate 
future to incorporate 
existing databases into 
a larger, forward-look-
ing structure. 

The EBI also 
manages smaller data-
bases which focus on 
specific proteins. ALAN 
ROBINSON and a team at 



the EBI are reorganizing an existing database that holds information on one of the most-
studied proteins in the world: p53. For years, the International Agency for Research on 
Cancer in Lyon, France, has collected data on p53 because of its role in the development 
of tumors. This transcription factor regulates several crucial genes which prevent cells 
from dividing inappropriately, and any disturbance in its function can lead to cancer. 
An extensive analysis of tumor cells led to the conclusion that cells with p53 mutations 
are found in approximately half of the major types of cancer. Such intensive world-wide 
research means that the IARC's database is growing fast, and the European Community, 
is supporting efforts of the EBI to organize the information and make it readily acces-
sible to scientists all over the world. 

Searching databases for the mechanisms of 
evolution 

Methanococcus 
jannaschii 

There is perhaps no better tool to use to pursue the molecular basis of evolution 
than a genome or protein database. Proteins are such fundamental building blocks of 
cells that they have often been conserved virtually intact through hundreds of millions 
of years of evolution and across a wide range of species. Genomes may be larger or 
smaller, but the proteins produced by individual genes may look strikingly similar, and 
they may have precisely the same functions in the cells of organisms as different as yeast 
and humans. 

One of the questions that the information in a database can readily address is the 
issue of taxonomy-how different species fit into the branching scheme of the family 
tree of life. For almost a century, such relationships could only be discussed in terms of 
resemblance in the large-scale features of plants, animals, or fossil forms; now, analy-
ses of the basic structures of cells are providing a clearer idea of when and how species 
have evolved. The more matches that can be found between the genomes of two species, 
the more closely related the species are. Differences between genomes provide impor-
tant clues as to the time at which organisms split into divergent branches. 

Bacteria, archae a, and eukarya-the three main kingdoms of life-are believed 
to have split from an unknown common ancestor three billion years ago. The group of 
CHRISTOS OUZOUNIS (EBI) is using information from genome sequencing projects to 
reconstruct features which must have been present in this ancestor. The archaeal 
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microorganism Methanococcus jannaschii was discovered in 1983 in sediment samples 
obtained from a hydrothermal vent on the ocean floor; the sequencing of its genome 
was completed in 1996. The entire sequence of yeast was obtained in the same year, and 
that of two different bacteria had already been completed. This gave researchers a 
genome from each major family to use in investigating evolutionary divergence. 
Methanococcus proteins for energy production, cell division and metabolism turn out 
to be more closely related to those of bacteria, but the organism is more similar to 
eukaryotes in transcription, translation, and replication. This provides crucial informa-
tion about the relationship between the three major evolutionary branches. 
Additionally, information gleaned from the Methanococcus genome has allowed 
Ouzounis' group to construct a model of very basic functions which had to have been 
present in the genes of the common ancestor. 

Predicting and modeling protein structure 

Evolution is the result of an accumulation of step-by-step changes in DNA. 
Mutations which are disruptive may be caught in time by the cell's self-repair machin-
ery, but most mutations have harmless effects or no noticeable effects whatsoever on 
cells. Most proteins permit a certain degree of freedom at the amino acid level. If a 
change doesn't affect the way a protein folds or interacts with other molecules, it may 
well go unnoticed, and be passed along to an organism's offspring. 

All forms of life descended from a single ancestor, and most basic cellular func-
tions were established before the evolution of multi-cellular organisms. This means that 
similarities between the cells of very different species-such as yeast and humans-are 
so strong that components from one species can be used to shed light on similar struc-
tures in others. One finds this conservation between proteins of the same species, as 
well. Rather than building each protein from scratch, with a unique structure, many 
proteins are built from a standard stock of functional domains. Thus different species 
(and sequence databases) are full of homologues: proteins or genes with similar struc-
tures and functions. Scientists have used their evolutionary relationships to group pro-
teins into families whose members are found in many different organisms. 

In many cases, proteins form similar overall structures from very different amino 
acid sequences. Sometimes only twenty per cent of the amino acids in a domain are 
identical in two proteins, but the domains will still be folded in the same way. Proteins 
seem to tolerate most changes in their sequence without losing their general structure 

I 

or function. On the other hand, amino acids that are conserved in all the members of a 
family are probably essential for a domain's function, and their presence can be used 
as a distinguishing feature, like a fingerprint, of a particular type of domain. 



As sequence databases grow larger and larger, the number of homologues that 
can be found for any particular protein is likely to increase. If the database is organized 
well, and if a researcher is clever enough at teasing information out of it, such similar-
ities can be used to shed light on new or poorly-understood sequences. The groups of 
PEER BaRK and TOBY GIBSON (Structural Biology, Biocomputing Unit) have developed 
software tools which look for remote similarities between sequences; once homologues 
have been found, implications for the function of a protein often follow. Whole genomes 
can even be compared, looking for homologous proteins and relationships between the 
biochemical pathways that they participate in. This type of analysis can, for example, 
help to identify genes in pathogenic bacteria that are absent from the genomes of their 
non-harmful relatives. 

Finding a homologue for a gene or protein can provide several different types of 
information. The gene BRCAl, which has been connected to breast cancer, produces a 
protein which had never been localized within cells. When Bork's group searched data-
bases for similar sequences, they identified a new type of domain in BRCAI they called 
BRCT, which is found in more than 40 other proteins. Since all of these other proteins 
are involved in cell mechanisms which repair DNA damage prior to the replication of 
chromosomes, the researchers concluded that BRCAI probably functions similarly. A 
defect in the BRCAI gene might permit cells to replicate even if their DNA is damaged, 
allowing mutations to be passed on to their daughter cells, which could lead to cancer. 

Looking at genes involved in other human diseases, the researchers discovered 
sequences that held codes for protein domains which had gone unrecognized. The 
group decided to do a systematic analysis of more than 70 other disease-related genes. 
One result was the discovery that many of these contain domains that are present in 
signal transduction proteins. This does not prove that the mutant genes have their 
effects by disrupting normal cell signaling processes, but it gives scientists a very good 
idea of where they should begin to look to understand the genetic nature of a particu-
lar disease. 

If scientists have obtained the three-dimensional structure of one member of a 
protein family, they can use this information to build molecular models of the other pro-
teins. MICHAEL NILGES' group (Structural Biology) has applied computer-based model-
ing techniques to investigate the properties of PH domains, modules that are often 
found in signaling proteins such as the tyrosine kinase Btk. A few PH domains had been 
investigated by X-ray or NMR analysis, and they appeared to be involved in attaching 
proteins to cell membranes through electrostatic interactions. When the EMBL 
researchers constructed three-dimensional models of all of the members of the PH 
domain family, they found that most of them had a distribution of positive and nega-
tive charges that would allow them to bind to membrane surfaces. Others, however, 
have completely different electrostatic properties-and probably serve very different 
purposes. Over the course of evolution, similar building blocks can be put to different 
tasks. 
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The software WHAT IF, created by the group of GERRIT VRIEND (Structural 
Biology, Biocomputing Unit) and distributed via the World Wide Web, uses both struc-
ture prediction and homology modeling methods to generate three-dimensional mod-
els of proteins and their interactions with other molecules. WHAT IF is distributed freely 
in the scientific community via EMBL's WWW server and has become an invaluable 
tool for researchers all over the world. 

In addition to predicting protein structure with high accuracy, the program can 
be used to re-evaluate structures that have been solved by X-ray or NMR experiments. 
In some cases, ambiguities in the data may lead scientists to make mistakes in building 
three-dimensional models of proteins. WHAT IF takes the rules that are used in pre-
dicting protein structures and applies them to existing models. The program can warn 
users if there are significant discrepancies between their model and the most likely struc-
ture of the protein. Before new information is included in the new MSD database estab-
lished at the EBI, it is examined using WHAT IF as a quality control step. 

Modeling and simulation can be used to investigate events that would be diffi-
cult or impossible to observe directly through experiments. Computer simulations of 
the interactions of receptors and ligands, for example, have enabled the group of 
REBECCA WADE (Structural Biology) to identify features that help these molecules bind. 
Recent work of the group has con-
centrated on proteins which must 
bind to each other extremely quick-
ly after their synthesis. One of these, 
barnase, digests RNAs outside of the 
cell. Before it is secreted, it must be 
kept inactive; otherwise, it would 
begin to break down RNAs in the 
cytoplasm, and the cell would die. 
An inhibitor protein called barstar 
binds strongly to barnase as soon as 
it is translated, rendering it inactive 
until it leaves the cell. 

Wade's group used comput-
er simulations to map the distribu-
tion of electrostatic properties 
across the surfaces of the molecules. 
They found that these patterns pre-
configure the way the proteins 

Computer simulations help researchers to understand 
how proteins such as bars tar and barnase achieve 
tremendously rapid and stable bonds. 

interact by helping the molecules to make contact, to find the proper orientation as they 
move towards each other and then to make fine positional adjustments as they dock. 
The two proteins can bind so quickly because they have evolved electrostatic configu-



rations which are extremely completmentary, like a form and its print in a sandy sur-
face. 

Computer models also help to predict and explain the behavior of mutant pro-
teins. Changes in the fundamental amino acid structure influence the overall electro-
static pattern. The alterations may disturb the approach or the close fit of the two mol-
ecules. By determining where a particular point in the pattern exerts its influence in this 
process, the computer can predict how fast and how successfully two molecules will 
dock if the point loses its proper configuration. The modeling system used by Wade's 
group has been able to make very accurate predictions about the behavior of mutants 
in the interaction of barnase and barstar. 

A good modeling system can also be applied to the design of new molecules with 
specific properties, as Luis Serrano's group has done in creating peptides which fold 
into predictable configurations. In search of an enzyme that could continue to function 
under extreme heat, Gerrit Vriend's group and outside collaborators undertook a com-
puter investigation of a moderately stable bacterial enzyme. The computer created huge 
numbers of hypothetical mutants and then evaluated the stability of each version. The 
researchers found eight mutations that were predicted to have a great effect on the "stay-
ing power" of the enzyme during boiling or exposure to harsh chemicals. When the 
group actually created a molecule incorporating the mutations, they found that it was 
several orders of magnitude more stable than its natural counterpart and could be boiled 
for hours without any significant decrease in its activity. The enzyme had an addition-
al property not commonly found in other hyperstable molecules: it was able to func-
tion well at lower temperature conditions. Artificially-constructed enzymes such as this 
may find use in agriculture and the leather industry, where they could be used to con-
vert residues that may be harmful to the environment into safer substances. 
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The Art and Craft of Science 
A retrospective on a career at EMBL 

... an interview with Kai Simons 

Kai Simons will be leaving EMBL in the year 2000 to become Director of 
the Max-Planck Institute for Molecular Cell Biology and Genetics in 
Dresden . He came to Heidelberg in 1975 as one of EMBL's first group lead-
ers, and became Programme Coordinator of the Cell Biology Programe 
when EMBL introduced a large Programme structure under its second 
Director General. In 1998 he was inducted into the American National 
Academy of Sciences . 

How DO YOU REGARD SCIENCE? As AN ART OR A CRAFT? 

The number one thing in science is that there is no single recipe for how you go 
about it. My approach has been based on the fact that, in experimental science, there's 
no way that you can do it alone. You rely on team spirit and you need synergy. But there 
is a big paradox in the way that we look at scientists. We always evaluate them as indi-
viduals; we ask about individual contributions when a paper almost always has more 
than one author. We call an author a main contributor even if the person is only the head 
of a team and all of the experimental work is done by others. And therefore we have a 
problem. 



I have spent a lot of time practicing how to achieve synergy, practicing by mak-
ing mistakes. You have to push people-to irritate them-to do things if you think that 
these are the right things to do. You work on models and experimental systems that 
have qualities which make them unique. The qualities have to be so simple that it will 
be possible to unlock their mysteries using present-day techniques or techniques which 
can be developed. My tactics have been trying to get people to do things together while 
continually attempting to improve the methodology. You have to force people to do new 
things-not just to continue at the things they have done all along and are good at. You 
go on and say, this problem demands a new method and it has to be introduced. One 
of the strengths of EMBL overall is that we are not afraid of methodology; we have 
always had a mixture of the best techniques. 

I don't think my major contribution has been as an experimentalist. I have defined 
problems and then gone after them step by step. The next step always looks impossi-
ble to the people around you, but you have to find some way to persuade them to do 
it. Scientists are very careful-they won't do things which seem impossible. If they are 
good at what they are doing, and of course you want to have excellent people in your 
lab, they want to do things which are possible. 

In present-day molecular biology there's so much repetition; so much is done 
over and over again. The majority of the papers that are published are never cited, never. 
The interesting thing is choosing and defining the interesting problems. Is it an art? Yes, 
I'm sure it's an art, because it's all intuition. You don't know the answers, but you have 
something in mind. Often the results turn out to be something completely different than 
your vision, but if you get lucky, the end result may represent something even better 
than the vision that preceded it. 

WHAT WAS THE GENESIS OF THE IDEA OF RAFTS? 

When I moved from working on viruses to cells, I chose a complicated cell, 
because I wanted to work on defining the machinery that routes proteins to different 
destinations. I chose epithelial cells because they have two surfaces on the outside-an 
apical surface and a basal surface-and the cell polarizes these surfaces with a combi-
nation of mechanisms. A different set of proteins and lipids has to be transported to each 
of these plasma membrane domains. So there are two pathways from the inside to the 
outside, and the protein and lipid constituents of the membrane are different. The lipid 
membranes, composed of a bilayer, were being completely neglected; people thought 
of them as two-dimensional solvents for the proteins, with no other function. But when 
you look at their composition, you see that hundreds of different lipid species are made 
in the cell and there must be some reason why all of these species exist. I thought it 
would be a great challenge to include both the lipids and the proteins in the analysis. 
My hope was that at least one of the pathways would represent something new, not 
found in yeast, for instance-which was the gold standard in the field-and that the 
lipids would be involved. 



In 1988 we knew that there were glycolipids concentrated on the outside, in the 
apical surface, and that the reason for the concentration was perhaps simply because 
they were associated more tightly with each other. Then we found that the Golgi com-
plex was preferentially sorting a simple glycolipid for transport to the apical surface. 
We postulated that these glycolipids formed some kind of a platform which collects pro-
teins and move them to the membrane. And that's where it stood. This was based on 

Microscopic view of the surface of a eukaryotic cell. Red 
and green mark two different membrane proteins, prob-
ably representing separate raft-like domains in the 
membrane. 

wishful thinking, and reading the lit-
erature, and of course our results. But 
it was clearly a very speculative 
hypothesis. 

Then in the nineties things 
started to change and there was more 
evidence for something going on. 
One of these pieces of evidence-the 
most important one-was a simple 
finding that proteins that were trans-
ported to the apical surface under-
went a change in the Golgi and 
became insoluble towards detergent 
extraction. We worked more on this, 
and other groups did, and found that 
these lipids and some of the proteins 
underwent a change at the time they 
were packaged into the transport 
carriers that took them to the apical 
surface. The problem was insolubili-

ty. When you separate things in the centrifuge you're left with a pellet. People usually 
discard it and they forget about it, saying, "This cannot be anything real." There was a 
lot of skepticism -which actually allowed us to work in peace. The apical pathway 
turned out to be, as we had hoped, a new mechanism where rafts were acting as plat-
forms to carry proteins to the apical side. And most importantly this gave us the clue 
to the function of cholesteral in our cells, and this is to glue the separate "logs" of the 
raft together dynamically so that they can carry the proteins around. 

The biggest surprise was the raft pathway, which we thought would only be an 
apical pathway in epithelial cells, is a general pathway in all mammalian cells. It is also 
a way of regulating signaling on cell surfaces and a way to create asymmetries in the 
cell during morphogenesis. 



How WILL YOU BALANCE YOUR NEW RESPONSIBILITIES AS THE DIRECTOR OF THE 

MPI IN DRESDEN WITH YOUR OWN SCIENTIFIC WORK? 

There are often times when I don't get to do enough of my own science. But your 
credibility in the scientific community absolutely depends on the quality of the science 
you are doing. There are very few jobs which leave no room for this: if you are the head 
of the NIH, or the NCI, it might be true. Most other jobs can be combined with your 
own science. Either you find time or you don't; if you don't, you shouldn't complain, 
because it has been your choice. If I were starting a new institute alone in Dresden, if I 
were the sole promoter and the sole initiator and the driver of the project, it could go, 
but it would result in the normal lack of synergy and too much work and not enough 
input from others. Therefore Dresden is a team effort and the quartet responsible is 
Wieland Huttner, Tony Hyman, Marino Zerial and myself. 

WHAT WILL YOU TAKE FROM EMBL WITH YOU AS YOU ESTABLISH A NEW INSTI-

TUTION? WILL YOU KEEP THE SAME SORT OF STRUCTURE OF INDEPENDENT GROUPS 

LOOSELY ORGANIZED INTO PROGRAMMES? 

When you look at the EMBL, you see that the programme structure is a great 
strength of the place: the structure that we have initiated with loose leadership and lit-
tle hierarchy and the research groups as independent units. John Kendrew wanted 
groups dispersed all over the building without any consideration of what belongs 
together. This had problems, because people working on similar themes need daily con-
tact and similar methodology. I was collecting people in one area of research and using 
all kinds of excuses to persuade Kendrew to hire these people. He knew what I was 
doing, but he had a particular view of the Laboratory and how groups should interact. 
So when Lennart Philipson came, the Cell Biology Programme already existed, so to 
speak, although it was not geographically located in one part of the building. It was 
easy for Philipson to institute a Cell Biology Programme because it was already there 
and it was successful. 

It's much more difficult to impose a structure on an institute when you start from 
scratch, especially if you don't know how successful it is going to be. In Dresden there 
are five directors and there will be 19 additional research groups. We are not sure that 
with this size we have to have Programmes. We probably won't. We'll see if we can 
come up with a situation which is more like a big department, but where the people 
have been chosen for synergy. They won't be chosen simply because they are great indi-
viduals, without taking into account what they are working on, and we will not include 
people who are fantastic only on academic scores or their scientific record but who do 
not want to work together with the other groups. Of course, all group leaders will decide 
what direction their research will take ... 



WHAT HAS MADE EMBL SO SUCCESSFUL? 

When I came here 23 years ago, as one of the first group leaders, there was prac-
tically nothing. John Kendrew had worked for 12 years to get the funding for a European 
Molecular Biology Laboratory. Now he had a Laboratory, and he was trying to get peo-
ple to come. Big names were invited, but they came around and looked, and then they 
left because the resources he wanted to give them were so small. Kendrew believed that 
small is beautiful-he collected small groups, young group leaders, and mixed them 
together all over the lab. When he left in 1981, he was somewhat disappointed because 
he was criticized for achieving too little. But now when we look back, we see that his 
approach was formidably successful. 

When Lennart Philipson came, he introduced a system of enforced turnover of 
personnel and at the same time larger Programmes with coordinators, to ensure conti-
nuity in the face of changing group leaders. This has given us enormous flexibility to 
respond to changes in the field. 

If you look at the Cell Biology Programme, for example ... in the late seventies we 
started to look at cells from a new point of view. Old Cell Biology was morphology; we 
wanted to turn it into a molecular science. We wanted to study how cells organize them-
selves, how proteins are sorted to different destinations, how the elements of the 
cytoskeleton organize cells, how this structure changes during development, how cells 
divide ... We did this by assembling groups into a coherent Programme. 

All you have to do is take a look at the leading molecular cell biologists in Europe, 
and you see that most of them have been here at some stage in their careers. We did not 
cost a lot, but our impact has been widely felt. 

How DO YOU THINK EMBL's ROLE IN EUROPEAN SCIENCE WILL EVOLVE IN THE 

YEARS TO COME? 

EMBL survives in the European community by being continuously innovative. 
We have demonstrated our excellence, and built a system of turnover whereby group 
leaders, postdocs, graduate students, and scientists at all levels are returned to their 
member states, and we have created networks in Europe. The Member States demand 
even more of us, though, and we have delivered. 

If we look back, we can see that EMBL's great strength has been in creating new 
areas which are nurtured and form a core for a whole range of activity in Europe. This 
was the case for synchrotron radiation and structural biology. This was the case for 
molecular cell biology. It was also true for developmental biology-with the recruit-
ment of two outstanding young scientists to the EMBL who received the Nobel Prize 
for their pioneering work. Also in bioinformatics, EMBL has been a pioneer. 



I think that the present direction that Fotis Kafatos is developing-the interface 
between physics and biology-is a great one, the natural direction to go. If there is a 
real infusion of physics into biology, and if we strengthen our technology efforts, we 
will have a very worthwhile package. It will cost something, but it won't cost much. If 
you compare this with what's happening in the United States, it's peanuts. Especially 
for an existing facility like EMBL which works well and has already established its cre-
dentials. There is no risk in supporting this new direction. It is bound to be successful! 

ALUMNI OF EMBL's CELL BIOLOGY PROGRAMME HAVE 
ASSUMED IMPORTANT POSITIONS ALL OVER EUROPE 

UK 
NORWAY 
Oddmund Bakke 
Kristian Prydz 
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Harald Stenmark 

SWEDEN 

Victoria Allan 
George Banting 
Dan Cutler 
Rainer Duden 
Paul Dupree 
Steve High 
Karin Romisch 
Mark Marsh 
Sharon Tooze 
Graham Warren 
John Armstrong 
Paul Luzio 

Carl Henrik von Bonsdorff 
Elina Ikonen 

John Davey 
David Vaux 

NETHERLANDS 
Gerrit van Meer 
Peter van der Sluijs 

BELGIUM 
Danny Huylenbroeck 

PORTUGAL 

SPAIN 
Fernando Aniento 

Morgane Bomsel 
Philippe Chavrier 
Jean Davoust 
Valerie Doye 
Jean-Pierre Gorvel 
Jan de Mey 
Daniel Louvard 
Fotini Gounari 
Marie-Anne Felix 
Hubert Reggio 
Claude Antony 
Ulf Nehrbass 

DENMARK 
Bo van Deurs 

Andre Briindli 
Pierre Casson 
Jean Gruenberg 
Ari Helenius 
Thomas Kreis 
Klaus Fiedler 

Marja Makarow 
Johan Periinen 

GERMANY 
Bernhard Dobberstein 
Ed Hurt 
Weiland Huttner 
Brigitte Jockusch 
Klaus Lingelbach 
Teymuras Kurzchalia 
Jochen Scheel 
Christoph Niehrs 
Hans Hermann Gerdes 
Annette Hille 
Claudia Brandt-Koch 
Hans Bungert 
Ingrid Hoffmann 

AUSTRIA 
Michael Glatzer 
Lukas Huber 

ITALY 
Stefano Bonatti 
Giorgio Bressan 
Ivan de Curtis 
Patricia Rosa 
Daniela Lombardi 

Spyros Georgatos 
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Sir John Kendrew, 1917 - 1997 

EMBL Director-General from 1974 to 1982 

John Kendrew's death on August 23, 1997, was a great loss for European 
molecular biology and for EMBL. Without his years of efforts to win support and 
funding for the Laboratory, EMBL probably would not exist today. He is remembered 
fondly and with great respect by the scientists who worked at EMBL during his 
administration, and by the members of the newer generation who were fortunate 
enough to see him in the Laboratory during the symposium celebrating his eightieth 
birthday in April 1997. 

Kendrew was born in Oxford in 1917. In 1945, after studies in Chemistry at Trinity 
College in Cambridge and service during World War Two, he took a research position 
under Max Perutz at the Cavendish Laboratory in Cambridge. Perutz convinced him 
to take on a difficult project using crystallographic techniques to study the haemoglobin 
protein in sheep. 

"Today's researchers can hardly imagine how courageous Kendrew's decision 
was then to take up protein crystallography," Perutz wrote in a tribute last year. "I had 
no research students because responsible dons advised graduates against joining such 
a forlorn undertaking." The project was to determine the structure of haemoglobin 
using X-rays-a particularly ambitious task, because at that time no protein structure 
had been solved, and haemoglobin was a large molecule. Kendrew soon turned his 
attention to myoglobin, a much smaller protein, and this work led to a Nobel Prize in 



Chemistry in 1962 which he would share with Perutz (who was honored for his work 
on haemoglobin). 

Tissues from the horse heart refused to provide Kendrew with myoglobin that 
would produce protein crystals, but meat from a sperm whale, obtained by Perutz, 
produced crystals which yielded to X-ray analysis. It took several years to analyze the 
data, but in the end Kendrew was able to build the first atomic model of a protein. 

In 1962, John Kendrew became Deputy Director of the new Laboratory of 
Molecular Biology at the MRC, a post which he held until 197 4. In 1963 he was knighted 
and awarded the Order of the British Empire. He founded and served as editor-in-chief 
of the Journal of Molecular Biology, the most important publication in the field at that 
time. He helped to found the European Molecular Biology Organisation (EMBO) in 
1963; thereafter, as a special EMBO project, he launched a campaign to convince the 
governments of Europe to establish an international laboratory for molecular biology 
based on the model of CERN in Switzerland. EMBL finally became a reality in 1974, and 
Kendrew was appointed as its first Director-General. 

Kendrew called his time at EMBL the most interesting period of his life. "Starting 
something from zero presents a rather unusual opportunity," he said. "You have so 
much freedom to be creative." 

"Kendrew's philosophy was that small is better," says Kai Simons, who came to 
the EMBL as one of its first group leaders in 1975. "Small groups have to depend on 
each other, and this creates the kind of synergy which is necessary to do high-quality 
science." Kendrew's vision has left a permanent mark on the way the Laboratory works: 
the basis of EMBL research is still small groups with a great deal of independence. 

After his retirement from EMBL in 1982, Kendrew served as a Trustee of the 
British Museum, President of the International Council of Scientific Unions, and 
President of St. John's College in Oxford, and was involved in the advisory committees 
of several important scientific institutions-including AC-EBI, the committee 
appointed by F.C Kafatos, the third Director-General of EMBL, when he assumed office 
in 1993. The purpose of this group was to help Kafatos formulate detailed plans for the 
latest EMBL Outstation, the European Bioinformatics Institute in Hinxton. 

"In this committee," said Kafatos, "Kendrew was able to contribute to our 
planning in the field of Bioinformatics, just as he had in 1980, when he decided to start 
the EMBL nucleotide database-the first biological sequence database in the world. His 
appointment was also a token of thanks to him personally, and to the visionary 
generation to which he belonged. That generation conceived both EMBL and EMBO in 
the 1960's, and left us with the immense responsibility to complete and deepen the 
internationalization of molecular biology in Europe in the present changed 
circumstances." 
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EMBL COUNCIL CHAIRMEN 

Chairman: Julio E. Celis (Denmark) 
Vice-Chairmen: Peter Gruss (Germany), Yair Degani (Israel) 
Chairman of the Finance Committee: Marc Bertschi (Switzerland) 
Vice-Chairman of the Finance Committee: John Gustavsson (Sweden) 

SCIENTIFIC ADVISORY COMMITTEE 

Margaret Buckingham (Paris) 
Antoine Danchin (Paris) 
Frank Grosveld (Rotterdam) 
David Hogness (USA) 
Leroy Hood (USA) 
Louise Johnson (Oxford) 
Alwyn Jones (Uppsala) (Vice-Chairman) 
Robert Kaptein (Utrecht) 
Hartmut Michel (Frankfurt) 
Juan Modolell (Madrid) 
Kim Nasmyth (Vienna) 
Mary Osborn (G6ttingen) (Chairman) 
Hugh Pelham (Cambridge) 
Ueli Schibler (Geneva) 
Joel Sussman (Rehovot/Brookhaven) 

SENIOR MANAGEMENT 

Director General 
Fotis C. Kafatos 
Scientific Coordinator 
Frank Gannon 
Administrative Director 
Barton Dodd 

PROGRAMME COORDINATORS 

Wilhelm Ansorge (Senior Scientist, Biochemical Instrumentation) 
Michael Ashburner (Senior Scientist, EBI Research Programme) 
Christian Boulin (Senior Scientist, Cell Biophysics) 
Graham Cameron (Senior Scientist, EBI Service Programme) 
Stephen M. Cohen (Senior Scientist, Developmental Biology) 
Thomas Graf (Senior Scientist, Cell Regulation) 
Eric Karsenti (Senior Scientist, Cell Biophysics) 
lain Mattaj (Senior Scientist, Gene Expression) 
Klaus Rajewsky (Senior Scientist, Mouse Genetics) 
Matti Saraste (Senior Scientist, Structural Biology) 
Kai Simons (Senior Scientist, Cell Biology) 

HEADS OF OUTSTATIONS 

Stephen Cusack (Senior Scientist, Grenoble Outstation) 
Matthias Wilmanns (Senior Scientist, Hamburg Outstation) 
Paolo Zanella (Senior Scientist, Hinxton Outstation) 



GROUP LEADERS AND TEAM 
LEADERS (EBI) 

Rolf Apweiler (EBI Service Programme) 
Patrick Argos (Structural Biology) 
Geoffrey Barton (EBI Service Programme) 
Peter Becker (Gene Expression) 
Dirk Bohmann (Senior Scientist, Cell Regulation) 
Peer Bork (visiting, Structural Biology) 
Tewis Bouwmeester (Developmental Biology) 
Thomas Creighton (Senior Scientist, Structural Biology) 
Hans Dobbeling (Computer & Networking Group) 
Carlos Dotti (Cell Biology) 
Anne Ephrussi (Developmental Biology) 
Ramon Eritja (Biochemical Instrumentation) 
Thure Etzold (EBI Research Programme) 
Stephen Fuller (Senior Scientist, Structural Biology) 
Cayetano Gonzalez (Cell Biology) 
Gareth Griffiths (Cell Biology) 
Dermot Harriss (EBI Systems and Network Support) 
Matthias Hentze (Gene Expression) 
Christoph Hermes (Hamburg Outstation) 
Heinrich Horber (Cell Biophysics) 
Bernard Hoflack (Cell Biology) 
Liisa Holm (EBI Research Programme) 
Anthony Hyman (Cell Biology) 
Eric Karsenti (Senior Scientist, Cell Biology) 
Rudiger Klein (Cell Regulation) 
Michel Koch (Hamburg Outstation) 
Victor Lamzin (Hamburg Outstation) 
Kevin Leonard (Structural Biology) 
Reuben Leberman (Senior Scientist, Grenoble Outstation) 
Matthias Mann (Biochemical Instrumentation) 
Phil McNeil (EBI Service Programme) 
Marek Mlodzik (Developmental Biology) 
Christoph Muller (Grenoble Outstation) 
Angel Nebreda (Cell Regulation) 
Michael Nilges (Structural Biology) 
Tommy Nilsson (Cell Biology) 
Hartmut Oschkinat (Structural Biology) 
Christos Ouzounis (EBI Research Programme) 
Annalisa Pastore (Structural Biology) 
Alan Robinson (EBI Industry Support) 
Patricia Rodriguez-Tome (EBI Service Programme) 
Robert Ruigrok (Grenoble Outstation) 
Chris Sander (Senior Scientist, EBI Research Programme) 
Michael Sattler (Structural Biology) 
Hans Scholer (Gene Expression) 
Bertrand Seraphin (Gene Expression) 
Luis Serrano (Structural Biology) 
Irmgard Sinning (Structural Biology) 
David Starks-Browning (EBI Industry Support) 
Ernst Stelzer (Cell Biophysics) 
Francis Stewart (Gene Expression) 
Peter Stoehr (EBI Service Programme) 
Gunter StoBer (EBI Service Programme) 
Dietrich Suck (Senior Scientist, Structural Biology) 

David Tollervey (Gene Expression) 
Paul Tucker (Structural Biology I Hamburg Outstation) 
Juan Valcarcel (Gene Expression) 
Rebecca Wade (Structural Biology) 
Michael Way (Cell Biology) 
Rik Wierenga (Structural Biology) 
Clive Wilkinson (Grenoble Outstation) 
Matthias Wilmanns (Senior Scientist, Structural Biology) 
Walter Witke (Mouse Genetics) 
Shoshana Wodak (EBI Research Programme) 
Rolf Zeller (Cell Regulation) 
Marino Zerial (Cell Biology) 

STAFF SCIENTISTS 

Florence Baudin (Grenoble Outstation) 
Fernando J. Diaz-Benjumea (Developmental Biology) 
Carmen Berthet-Colominas (Grenoble Outstation) 
Georg Casari (Hinxton Outstation) 
Thomas Ceska (Structural Biology) 
Denis Chretien (Cell Biology) 
Nigel Darby (Structural Biology) 
Kristina Djinovic-Carugo (Structural Biology) 
Suzanne Eaton (Cell Biology) 
Ingeborg Feil (Hamburg Outstation) 
Tomas Flores (Hinxton Outstation) 

. Andre Gabriel (Grenoble Outstation) 
Toby Gibson (Structural Biology) 
Ana Gonzalez (Hamburg Outstation) 
Johan Kemmink (Structural Biology) 
Sigfried Labeit (Structural Biology) 
Kjeld Larsen (Grenoble Outstation) 
Heikki Lehvaslaiho (Hinxton Outstation) 
Sean McSweeney (Grenoble Outstation) 
Hans-Friedrich Nolting (Hamburg Outstation) 
Jean-Christophe Olivo (Cell Biophysics) 
Anastasios Perrakis (Grenoble Outstation) 
Gert Rapp (Hamburg Outstation) 
Bjarne Rasmussen (Grenoble Outstation) 
Adam Richman (Additional Research Activities) 
Wojciech Rypniewski (Hamburg Outstation) 
Johan Schultz (Structural Biology) 
Anna Shevchenko (Biochemical Instrumentation) 
Roelof van Silfhout (Hamburg Outstation) 
Vicente-Armando Sole (Hamburg Outstation) 
Michael Sieweke (Cell Regulation) 
Giulio Superti-Furga (Cell Regulation) 
Dmitri Svergun (Hamburg Outstation) 
Alexei Tepliakov (Hamburg Outstation) 
Andrew Thompson (Grenoble Outstation) 
Mikhail Tukalo (Grenoble Outstation) 
Isabelle Vernos (Cell Biology) 
Gert Vriend (Structural Biology) 
Roger Wepf (Cell Biology) 
Matthias Wilm (Biochemical Instrumentation) 
Anya Yaremchouk (Grenoble Outstation) 
Liangbiao Zheng (Additional Research Activities) 
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PhD Theses 1997 

Frank Buchholz (Heidelberg) Investigation and development of site specific recombinases for 
advanced genomic engineering 

Carmen Fabrega i Claveria (Barcelona) Sintesi d' 0ligonucle6tids que contenen amilegs de les bases 
amb propietats mutageniques 

Morten Groth (Oslo) Development of the solid phase synthesis of branched oligonucleotides and 
analogues suitable for studying the debranching enzyme 

Antoine Guichet (Paris) Etude du developpement embryonnaire de la drosophile: recherche de 
nouveaux facteurs exprimes durant l'ovogenese essentiels it la formation cellules germinales et it 
l' etablissement du plan de segmentation de l' embryon 

Marko Hyvonen (Helsinki) Structure and function of PH and WW domains 

Klaus Klumpp (Milton Keynes) Studies on the structure and function of the influenza virus 
ribonucleoprotein and polymerase complex 

Juan Pablo Labrador (Madrid) Caracterizaci6n del domino extracelular de los receptores EPH. 
Localizaci6n del domino de uni6n a ligando 

Isabelle Landrieu (Gembloux) Etudes des genes YCR24} et YHR019} codant pour les asparagynil-
ARNt synthetases mitochondriale et cytosolique de Saccharomyces cerevisiae (Meyen ex Hansen) 

Gitte Neubauer (Heidelberg) Microcharacterization of multi-protein complexes and phosphoproteins 
by Nanoelectrospray mass spectrometry 

Carl Neumann (London) The role of the wingless gene in the control of growth and pattern 
formation during Drosophila wing development 

Jorg Noll (Heidelberg) Aufbau und Charakterisierung einer optischen Pinzette mit konfokaler 
Fluoreszenzdetektion 

Donata Orioh (Heidelberg) Specific and co-operative functions of two EphB receptors during 
nervous system development 

Isabel Palacios (Madrid) El transporte del citoplasma al nucleo de las particulas pequefias de 
ribonucleoproteinas, U snRNPs 

Efrosyni Paraskeva (Heidelberg) Translational regulation by specific mRNA/protein interactions: 
studies in Saccharomyces cerevisiae and cell-free translation systems 

Jaime Pascual Sastre (Madrid) Estructura del segmento repetido de espectrina 

Maria-Teresa Pisabarro Diez (Alcala) Theoretical and experimental analysis of the interaction 
between SH3 domains and their ligands 

Christophe Romier (Marseille) Crystallographic and mutagenesis studies of tRNA-guanine 
transglycosylase 

Laurence Seignovert (Grenoble) Etudes fonctionelles et structurales de l'asparginyl-ARNt 
synthetase de Thermus thermophilus 

Regis Tournebize (Montpellier) Mecanismes d'assemblage du fuseau mitotique et sa regulation par 
les phosphatases dans les extraits d' a?ufs de Xenopus laevis 

Uetz (Heidelberg) Biochemische Studien am limb deformity-Protein der Vertebraten 



EMBL Lectures 
Special Seminars in 1997 

Gideon Dreyfuss 
Howard Hughes Medical Institute, Philadelphia, USA 

"Transport of proteins and RNAs between the nucleus and the cytoplasm" 

Tom Maniatis 
Department of Molecular and Cellular Biology, Harvard University, Cambridge, USA 

"Mechanisms of NF-kappaB activation" 

Eric Wieschaus 
Department of Molecular Biology, Princeton University, Princeton, USA 

"Cytoplasmic reorganization during the Drosophila midblastula transition" 

Karl Otto Stetter 
Lehrstuhl fur Mikrobiologie, University of Regensburg, Regensburg, Germany 

"Microbial life at the upper temperature border" 

Jack Szostak 
Massachusetts General Hospital Department of Molecular Biology, Boston, USA 

"In vitro selection and directed evolution of DNA, RNA and protein sequences" 

Ron A. Laskey 
Wellcome/CRC Institute, Cambridge, UK 
"Coupling DNA replication to the cell cycle" 

Arthur Levine 
National Institute of Child Health and Development, Bethesda, USA 

"The repairosome and the mutasome: Eukaryotic damage recognition and prokaryotic 
mutagenesis proteins" 

Mitsuhiro Yanagida 
Department of Biophysics, Kyoto University, Kyoto, Japan 

"Controlling elements of anaphase" 

Michel Lazdunski 
CNRS, Valbonne, France 

"Novel structural families of ion channels and their pathological implications in neuronal, 
epithelial and sensory systems" 
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Science knows no country, because knowledge belongs 

to humanity, and is the torch which illuminates the world. 

- Louis Pasteur, 1876 -
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