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Introduction
Functional genomics technology

Microarray technology in functional genomics and proteomics
During the year a DNA microarray was produced containing nearly the entire human genome, with about 52,000 clones of
known and predicted human genes.This is at present the human microarray containing the best characterised and largest clone
collection reported worldwide.
This human microarray is in addition to those previously produced for yeast (whole genome), mouse (NIA library with 15,000
well characterised ESTs), and several smaller microarrays on glass slides for various projects. A novel addition to the technique for spotting was developed, eliminating the problems of missing spots, which are very critical for large scale microarrays. The result is a tool that can be used to compare gene activity in different types of cells, with an enormous experimental
potential for biologists and clinicians. It will be possible to select for each biomedical application a suitable most complete
smaller subset of genes relevant in the concrete application, and to produce smaller dedicated chips for fast and less expensive analysis.
DNA chips and a few other recently-developed technologies are permitting snapshot-like insights into the activity of the whole
genome. Such chips will transform information gained from the Human Genome Project into experiments that can help begin
to uncover the function of thousands of newly-discovered genes.
Protocols for high sensitivity detection (down to 50 ng total RNA), RNA isolation and amplification were established, and
applied to stem cell characterisations. A novel hybridisation technique saving 50% of the probe was developed and tested.
Techniques for both protein and antibody microarrays have been established and applied in several routine projects to verify
the functionality. The techniques will be valuable tools in the proteomic research, in applications for monitoring of protein
expression levels, protein-protein, -DNA, -ligand interactions. Another key applications, particularly in the medical field, requiring highly specific protein ligands or antibodies, will be the microarrays for sensitive detection of presence of certain proteins,
for example bacterial antigens.
We have established, together with the Monoclonal Antibody Core Facility at EMBL (MACS,Alan Sawyer), a novel method for
high-throughput screening of monoclonal antibody producing hybridomas. This method, based on protein microarrays technology, allows for the simultaneous parallel analysis of up to potentially 40,000 hybridomas against one antigen, on a single chip.
This novel method for monoclonal antibody production could become a very important tool for full-scale proteomics projects.
In collaboration with Juan Valcarcel and Angela Relogio from EMBL, we have analysed oligonucleotide-based microarrays for
applications in alternative splicing and sequence analyses, and carried out a systematic study of the sensitivity, specificity and
dynamic range of microarray signals and their dependence on the labeling and hybridization conditions, as well as on the length,
concentration, attachment moiety and purity of the oligonucleotides.
An automated system was designed, constructed and tested for high throughput in production of chemically coated glass slides
for microarray experiments.
There is an urgent need to set up a central database for microarray data, and a central storage of the image files. The system
should allow easy access to large datasets produced over several years, as well as easy data exchange between collaborating
groups at EMBL. Microarray Data management is analysed in the frame of the EU funded TEMBLOR/DESPRAD project, jointly between our and Brazma groups. Novel analysis software was developed.
DNA sequencing of the full length cDNAs is carried out on the automated ARAKIS technology developed in the group, by
DOUBLEX simultaneous sequencing of both strands in a single reaction with two fluorophores. Readings are 1,000 bases per
single reaction. The superior accuracy and reading length of the system were verified in many routine sequencing projects.
The microarray technology developed by the group, software, data analysis, databases and general state of the art of the technique, were presented during and EMBO course, "MicroarrayTechnology: from Genome to Proteome," organised by members
of the group at EMBL in June 2002.
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Functional proteomics
With the completion of the sequencing of large genomes, functional proteomics, the systematic study of the function of proteins, is in the center of current activities. Often, this is achieved by the purification of protein complexes, their characterization with mass spectrometric techniques, the formulation of a putative function and biochemical or biological experiments to
test the hypothesis. The purification of protein complexes leads to the characterization of a protein ensemble that performs
a certain task in the life cycle of a cell. Biochemical studies, like knock-out mutations or cyto-histological visualization of proteins, are required to confirm and describe the function of the proteins in more detail.

Direct protein complex characterization with on-line capillary HPLC tandem mass spectrometry
The most sensitive and secure method to identify proteins is by using fragment spectra of some of their peptides.Throughout
the last year we implemented a capillary HPLC system on-line interfaced with our quadrupole time of flight mass spectrometer to identify proteins directly out of protein mixtures using fragment spectra of some of their peptides. Individual proteins
or protein mixtures are cut from a ID gel, digested and the digestion mixture is injected onto the column of a capillary HPLC
system. When peptides are eluting from the column they are detected and fragmented by the mass spectrometer. Like this,
hundreds of peptides and dozens of proteins can be identified in one experiment. To improve the automatic protein identification we pre-process the original dataset generated on the machine.
When hundreds of peptides are investigated manual interpretation of the spectra becomes impossible.We implemented a data
pre-processing regime which supports automatic identification of proteins. We compared the search results achieved before
and after pre-processing and found that the specificity for a protein identification increased at least a thousand fold.

Characterisation

of protein phosphorylations

Protein phosphorylations can be characterised by precursor ion scans using triple quadrupole mass spectrometers. After
digestion phosphorylated peptides can be specifically detected out of the entire mixture of peptides by the phospho-specific
precursor ion scan. This scan used in negative ion mode detects exclusively phosphorylated peptides and suppresses all the
others. However, for sequencing other peptides can not be suppressed and the phospho-peptide has to be selected from the
crude mixture. Often, other peptides with the same mass overlay the phosphorylted peptide. When selecting all peptides of
the corresponding mass the unphosphorylated peptide can dominate the fragment spectrum. Under these condition, the mass
of the phosphorylated peptide can be determined using the precursor ion scan but it can not be sequenced. A protocol was
set up to sequence phospho-peptides even if they overlap with other, more abundant peptides on the same mass.
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Microanalytical functional genomics technology
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Wilhelm Ansorge
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Stefania Citterio, Marta Cortes-Canteli, Laurent Vallar, Melle Catherine Voegele, Wolfgang
Wagner
*Indicates part of the year only

During the year a DNA microarray was produced containing nearly the entire Human Genome, with about 52,000
clones of known and predicted human genes. This is at present the human microarray containing the best characterised
and largest clone collection reported worldwide.

tein microarrays technology, allows for the simultaneous
parallel analysis of up to potentially 40,000 hybridomas
against one antigen, on a single chip. This novel method for
monoclonal antibody production could become a very
important tool for full-scale proteomics projects.

This human microarray is in addition to those previously
produced for yeast (whole genome), mouse (NIA library
with 15 000 well characterised ESTs), and several smaller
microarrays on glass slides for various projects. A novel
addition to the technique for spotting was developed, eliminating the problems of missing spots, which are very critical
for large scale microarrays. The result is a tool that can be
used to compare gene activity in different types of cells, with
an enormous experimental potential for biologists and clinicians. It will be possible to select for each biomedical application a suitable most complete smaller subset of genes relevant in the concrete application, and to produce smaller
dedicated chips for fast and less expensive analysis.

In collaboration with Juan Valcarcel and Angela Relogio from
EMBL, we have analysed oligonucleotide-based microarrays
for applications in alternative splicing and sequence analyses,
and carried out a systematic study of the sensitivity, specificity and dynamic range of microarray signals and their
dependence on the labeling and hybridisation conditions, as
well as on the length, concentration, attachment moiety and
purity of the oligonucleotides.
An automated system was designed, constructed and tested
for high throughput in production of chemically coated glass
slides for microarray experiments.
There is an urgent need to set up a central database for
microarray data, and a central storage of the image files. The
system should allow easy access to large datasets produced
over several years, as well as easy data exchange between
collaborating groups at EMBL. Microarray Data management
is analysed in the frame of the EU funded
TEMBLOR/DESPRAD project, jointly between our and
Brazma groups. Novel analysis software was developed.

DNA chips and a few other recently-developed technologies
are permitting snapshot-like insights into the activity of the
whole genome. Such chips will transform information gained
from the Human Genome Project into experiments that can
help begin to uncover the function of thousands of newlydiscovered genes.
Protocols for high sensitivity detection (down to 50 ng total
RNA), RNA isolation and amplification were established, and
applied to stem cell characterisations. A novel hybridisation
technique saving 50% of the probe was developed and tested.

DNA sequencing of the full length cDNAs is carried out on
the automated ARAKIS technology developed in the group,
by DOUBLEX simultaneous sequencing of both strands in a
single reaction with two fluorophores. Readings are I,000
bases per single reaction. The superior accuracy and reading
length of the system were verified in many routine sequencing projects.

Techniques for protein and antibody microarrays were
established and applied in several routine projects to verify
the functionality. The techniques will be valuable tools in proteomics research, in applications for monitoring of protein
expression levels, protein-protein, -DNA, -ligand interactions. Another key application, particularly in the medical
field, requiring highly specific protein ligands or antibodies,
will be the microarrays for sensitive detection of presence of
certain proteins, for example bacterial antigens.

The microarray technology developed by the group, software, data analysis, databases and general state of the art of
the technique, were presented during and EMBO course,
"Microarray Technology: from Genome to Proteome,"
organised by members of the group at EMBL in June 2002.

Development, technology and production of DNA microarrays

We have established, together with the Monoclonal
Antibody Core Facility at EMBL (MACS, Alan Sawyer), a
novel method for high-throughput screening of monoclonal
antibody producing hybridomas. This method, based on pro-

For the use and application of DNA chips, the group has
developed and set up new and improved methods for robot
4
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- More than one sequence per cluster

spotting of probes, novel surface chemistry for nucleic acidglass attachment and chemistry for labelling of DNA, reliable
hybridisation conditions, as well as setting up high resolution
fluorescence detection systems. Standardisation and quality
control were developed for several steps, e.g. quality of total
RNA using micro-electrophoresis lab-on-a-chip technology,
fluorescent labelling of RNA, selection criteria for clones
used in normalisation and standardisation of microarrays,
automated analysis of PCR products, surface chemistry control by electrospray mass spectroscopy.

- As close as possible to the 3'end of the eDNA
- Length of the insert between 500 and 1200 bp
Of these clones 32,000 have been sequence verified, characterisation of further 20,000 clones is in progress. eDNA
inserts were PCR amplified, purified, and spotted on glass
slides.
Analysis of PCR fragments on agarose gels, documentation,
control DNAs (-spike-in controls) and Cy5-/Cy3-labelled
oligonucleotides on the slides ensure the quality of the
microarray and reliability of hybridisation results.
Comparative hybridisations with RNA from human cell lines
verified and demonstrated the potential of the new microarray in biomedical research.

Microarray platforms produced in the group include:
- Human genome Chip (55 000 ESTs), the chip with presently the largest and best characterised clone selection, most
complete (containing more than 90% of genes).
- Mouse chip (15000 ESTs), very well characterised NIA
library. Plans are to increase the number of clones up to
30000 ESTs.

Production process

of the microarray

- Yeast genome chip (6300 ORFs), complete yeast genome.

peR. eDNA inserts were amplified with a pair of NH2modified flanking universal primers.

- Alternative splicing analysis chip (5000 oligos)

Purification. The PCR products were purified on a Biomek
FX robot (Beckman) using the Macherey-Nagel Nucleospin
kit based on a silica matrix. Since a stacker was added to the
robot, 4 x 96 well PCR plates could be purified in one run,
in 90 minutes.

- Stem cells analysis chip (350 genes)
Series of small clinical and diagnostics chips (e.g. iron
metabolism)
- Protein chips (chips for protein-protein interactions)

Quality control. The purified fragments were analysed on
a buffer free agarose gel system (RTR, Amersham/
Pharmacia). Gels were loaded by a Biomek 2000 robot
(Beckman).Two whole gels are loaded in 20 min, one gel run
takes 5 min.

- Antibody chips (protein detection, protein expression
monitoring)
- Novel system for fast screening of monoclonal antibodies
(speeding up the process by factor 10 from 9 month down
to 4 to 6 weeks).

Evaluation and documentation. Pictures of the Agarose
gels were saved as tif-files. For the evaluation of the gels,
RTRSkipper software was created, which allows a quantitative (concentration of DNA) and qualitative (multiple or single bands) evaluation of the purified PCR-fragments. The
evaluated gel is saved as html-file connected to an access
table containing the summary results of all gels analysed. The
individual gel pictures can be activated from the summary
table.

- Cell chips (analysis of gene function, gene silencing)
- Single cell analysis (automated microinjection systems into
living cells, developed by the group, and used routinely in
many projects).
Bioinformatics tools include:
- Software packages for analysis and evaluation of microarrays

From this table it is possible to look back to each gel. Thus
there is easy and fast access to raw data for each spotted
clone. Only 3.95% of the eDNA fragments could not be
amplified or showed multiple bands.To follow the steps during the process all sample plates have a specific barcode
label, which is monitored and combined with the documentation.

- Data normalisation and standardisation
- Data bases as central repositories for microarray data and
images

Human genome on a microarray
The group has produced in collaboration with the German
Resource Centre (RZPD, Uwe Radelof and Bernhard Korn)
a whole genome eDNA microarray. Based on the NCBI
UniGene clustering (www.ncbLnlm.nih.gov/Uni-Gene)
eDNA clones were selected from the Image clone collection
representing 5 I,145 clusters. The microarray technology
developed by our group at EMBL was used in the production. With about 52,000 clones of known and predicted
human genes, it is at present the human microarray containing the best characterised and largest clone collection
reported worldwide.

Preparation of spotting plates. PCR products were
transferred into 384 well microtiter plates in 2xSSC spotting
buffer. By using a Biomek FX with a stacker, 4 spotting plates
could be prepared in one run lasting 40 min.
Novel spotting is performed on a OmniGrid
(GeneMachines) spotter, on amino-silane-coated slides, using
48 split needles, with a new system developed by the group,
eliminating missing spots. This is a particularly critical factor
for large scale microarrays containing many thousands of
spots. After 384 well spotting plates had been prepared, the
PCR fragments were spotted on two slides. Each slide rep-

The Human UnigeneSet-RZPD3 was selected according to
the following criteria:
5
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resents about 26,000 genes. Spike-in controls and labelled
primers were spotted as controls.

screening and characterizing more than 10,000 additional
ESTs and cDNAs.

Slides were scanned with an Axon scanner (preview) after
spotting and attachment, to control spotting efficiency.

Yeast genome microarray

- Isolation of total RNA by standard procedure (Trizol
method, PeqLab) from human HeLa and HL-60 cells.

The whole genome Yeast microarray has been used with success in several collaborations with other groups at EM BL, as
well as with teams from external laboratories. Important
results in yeast biology were obtained, for example, in collaboration with Thomas Preiss from the group of M. Hentze.

- Direct labelling during eDNA synthesis and purification of
probes (Qiagen kit). Here: HeLa sample labelled with Cy3dUTPs (-green ), HL-60 labelled with Cy5-dUTPs (-red ).

The yeast microarray data could be reproducibly verified by
real-time PCR in a project part of an ongoing collaboration
with the University of Cologne.

Complex hybridisation test demonstrating the functionality
and validation:

RNA isolation, amplification and labelling for highly sensitive detection

- Complex hybridisation on Human Unigene RZPD-3
Microarray (2 slides, about 27.000 spots each): 5xSSC,
0.1 % SDS, 42°C, 16h (Amersham automated hybridisation
station).

For the use and application of DNA chips, the group has
developed and set up new and improved methods for robot
spotting of probes, novel surface chemistry for nucleic acidglass attachment and chemistry for labelling of DNA, reliable
hybridisation conditions, as well as setting up high resolution
fluorescence detection systems. Standardisation and quality
control were developed for several steps, e.g. quality of total
RNA using micro-electrophoresis lab-on-a-chip technology,
fluorescent labelling of RNA, selection criteria for clones
used in normalisation and standardisation of microarrays,
automated analysis of PCR products, surface chemistry control by electrospray mass spectroscopy.

- Scanning of slides (Axon scanner, 5IJm resolution)
- Data analysis with various software tools GenePix (Axon);
ChipSkipper (Christian Schwager, EMBL); Spotfire
The experiments proved the functionality of the array, which
will be used initially in stem cell research (Prof. A. Ho,
University Clinic, Heidelberg), cardiology (Prof. H. Katus,
University Clinic, Heidelberg) and in cancer research (Prof.
M.v. Knebel, University Heidelberg). Several collaborations
with groups from other European Institutions are being initiated.

Of particular importance for reproducible protocols are the
RNA isolation and the methods for the preparation of fluorescent eDNA probes that should quantitatively reflect the
abundance of different mRNAs in the two samples to be
compared. In collaboration with the group of M. Hentze, we
have systematically evaluated and compared different published and commercial principles for the synthesis of fluorescently labelled probes for microarray analysis. We have
observed that individual labeling methods can significantly
influence the expression pattern obtained in a microarray
experiment. Benefits and limitations of each method were
determined. (Richter et 01., 2002).

The result is a tool that can be used to compare gene activity in different types of cells, with an enormous experimental potential for biologists and clinicians. It will be possible to
select for each biomedical application a suitable most complete smaller subset of genes relevant in the concrete application, and to produce smaller dedicated chips for fast and
less expensive analysis.
DNA chips and a few other recently-developed technologies
are permitting snapshot-like insights into the activity of the
whole genome. Such chips will transform information gained
from the Human Genome Project into experiments that can
help begin to uncover the function of thousands of newlydiscovered genes.

Protocols for RNA isolation, amplification and high sensitivity detection, were established and applied to stem cell characterisations. The protocol allows labelling of as low amount
of total RNA as 50 ng (RNA amount which can be obtained
from only about 50,000 cells) was established and is being
used. This protocol is based upon a controlled two-round T7
linear RNA amplification and subsequent direct incorporation of fluorescently labeled nucleotides in the synthesised
DNA. T7 RNA amplification with subsequent direct labeling
was found by our laboratory to be the most sensitive and
reproducible protocol for low amounts of starting input
RNA, in comparison to other available methods (Richter et
01., 2002). Modified nucleotides for incorporation into the
probes were developed, facilitating stripping of the probe
and re-hybridisation of the slides.

Mouse microarray
The mouse microarray has been used with success in several collaborations with other groups at EMBL, as well as with
teams from external laboratories, e.g. University of Madrid,
Curie Institute in Paris, Weizmann Institute, University of
Copenhagen.
The glass microarrays were produced by amplification, purification and spotting the NIA (National Institute ofAging) well
characterised mouse 15K clone library.
The quality of the arrays was further increased with
improvements of the PCR set, after it was observed that
some original purified PCR products in a few plates resulted
in spots of lower quality on the chip.

New low cost hybridisation technique

It is planned to increase the number of mouse genes on the
chip, in collaboration with the German Resource Centre,

We have developed and tested a new modified technique for
hybridisation of glass slide microarrays, which reduces by
6
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more than half the volume of the hybridisation probe needed, cutting the cost of microarray experiments.

Surface chemistry, automated coating
slides

whole set of proteins and peptides. The successful spotting
of proteins onto glass surfaces, maintaining their functionality, will provide the needed high throughput technique for
functional proteomics.

of glass

Our group is actively involved in the development and optimisation of this technology. We have developed a glass coating chemistry, which results in a very stable and specific
attachment of proteins to the glass surface. The work on
improvement of the chemistry, optimisation of the amount
of proteins attached (increasing the signal), and minimisation
of the background in conjunction with the fluorescence, is
continuing.

Several chemistries were developed and tested for the
attachment of DNA and proteins. In particular, a new strategy is being tested for reproducible attachment of proteins
and peptides to glass surface.
An automated system was designed, constructed and tested
(Christian Schwager, Ondrej Paces), for high throughput in
production of chemically coated glass slides for microarray
experiments.

We have spotted both antigens and antibodies, and have
demonstrated the selective and specific detection of the
interacting partners. Another important result was the verification of the preservation of the three-dimensional structure of the spotted protein, from the binding of the spotted
protein G to the IgG contained in the probing solution. To
confirm the conservation of a three dimensional structure,
we have detected the interaction of the mRNA binding protein TAP to its partner piS. This interaction was not seen
with the mutant
in which the p IS-binding domain was
deleted.

Oligonuclotide-based DNA arrays, sequencing,
alternative splicing
Oligonucleotide-based DNA microarrays are becoming
increasingly useful for the analysis of gene expression and
single nucleotide polymorphisms. In collaboration with Juan
Valcarcel and Angela Relogio from EMBL, we carried out a
systematic study of the sensitivity, specificity and dynamic
range of microarray signals and their dependence on the
labeling and hybridisation conditions, as well as on the length,
concentration, attachment moiety and purity of the oligonucleotides. Both a controlled set of in vitro synthesised transcripts and RNAs from biological samples were used in these
experiments. An algorithm was developed that allows efficient selection of oligonucleotides capable to discriminate a
single nucleotide mismatch. These data will facilitate the
design and standardisation of custom-made microarrays
applicable to gene expression profiling, analysis of alternative
splicing and sequencing analyses.

Other ongoing projects on protein microarrays are signal
transduction chips (studying the NFKB pathway), kinase
microarrays (in collaboration with other EMBL in-house
groups).
Besides the high-throughput analysis of protein-protein
interactions, we are interested in developing protein
microarrays into highly sensitive diagnostic tools, for use in
the early characterisation and diagnosis of disease.

One of the conclusions about the longer oligos (60
nucleotide in length), is that they can provide significantly
better sensitivity than 25 or 30 mers, but their specificity in
complex mixtures of RNA is significantly lower than that
obtained for 25 mers (Relogio et al., 2002).

A novel method for the screening
antibody producing hybridomas

of monoclonal

With the increasing interest in proteomics projects, as a logical follow-up for genomics research, there is a need to eliminate bottlenecks that cause problems for high-throughput
research. A major bottleneck in proteomics is the requirement of highly specific antibodies. Antibody production is a
slow and difficult process. In the case of monoclonal antibodies, this process can take up to 9 months per sample,
thus making high-throughput antibody production a difficult
task.

Protein microarrays, high-throughput
antibody screening
Techniques for both protein and antibody microarrays have
been established in the group, and applied in several routine
projects to verify the functionality. The techniques will be
valuable tools in the proteomic research, in applications for
monitoring of protein expression levels, protein-protein,
-DNA, -ligand interactions. Another key application, particularly in the medical field, requiring highly specific protein ligands or antibodies, will be the microarrays for sensitive
detection of presence of certain proteins, for example bacterial antigens.

In order to bypass this problem we have established, together with the Monoclonal Antibody Core Facility at EMBL
(MACS, Alan Sawyer), a novel method for the screening of
monoclonal antibody producing hybridomas. This method,
based on protein microarrays technology, allows for the
simultaneous parallel analysis of up to potentially 40,000
hybridomas against one antigen, on one single chip.
Compared to standard analysis, this system presents several
advantages, like the pOSSibility to produce up to 10 unrelated antibodies per mouse, direct isotyping of the monoclonals, direct cross reactivity analysis of the samples, increased
sensitivity, faster method (2 days analysis) and severe minimisation of materials and reagents (cheaper). In combination
with the novel protocols of Alan Sawyer, we are now able to
produce and screen monoclonal antibodies in just 6 weeks

Protein chips as a new tool for functional proteomics and diagnostic applications
Work on the production and applications of protein chips
has increased, and the technology is finding widespread applications. Building upon our previous experience with DNA
microarrays, we have adapted the technique to proteins.
Similar to the DNA microarray protocols, microscope glass
slides are now being used to directly spot on their surface a
7
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tively labelled molecules (allowing double labeling in experiments, like fluorescence) in highly sensitive applications for
protein and cell microarrays.

(from the time of injection). Work is still ongoing on this
project in order to optimise all the protocols. A patent
application has been filed by EMBL for the screening technique. Its poster presentation at the 3rd Human Proteome
Conference HUPO in San Diego was rewarded with the first
prize. This novel method for monoclonal antibody production could become a very important tool for full-scale proteomics projects.

The areal detector has a high spatial resolution, and could
find application in studies of metabolism, some post-translational modifications and signal pathways.

Molecular medicine collaboration
projects

Cell chips, microinjection, RNA
interference

The technology and techniques developed and used in the
group is tested and applied to projects in molecular medicine, in collaboration with professional clinical teams. Human
genome and the mouse DNA chips are used in several collaborations. It is a tool that can be used to compare gene
activity in different types of cells, with an enormous experimental potential for biologists and clinicians. It will be possible to select for each biomedical application a suitable most
complete smaller subset of genes relevant in the concrete
application, and to produce smaller dedicated chips for fast
and less expensive analysis.

In recent years the development of DNA microarrays has
allowed for an increase in the study of the genomes of different organisms. But genes are only one step in the
response of an organism, and finally the proteins have an
important role in this response. The presence or absence of
proteins, the protein-protein and DNA-protein interactions
are very important for the understanding of the behaviour
and the response of cells. Protein microarrays are becoming
useful tools for the study of cellular processes and protein
responses.The behaviour of a protein is not the same in vitro
and in vivo conditions. A current bottleneck to the scientist,
is how to deduce and verify from the in vitro function of a
protein the in vivo function. A promising powerful technique
has arisen in the last year, the cell chip or transfected-cell
microarray. In a cell chip, one slide contains thousands of cell
clusters transfected with a defined DNA, resulting in the cellular expression of a specific protein. We are developing a
system that allows us to study the localisation of proteins
inside the cells. Fusion proteins with GFP have been constructed and spotted on glass slides. The cells grow on the
slides and they are transfected with plasmids containing the
sequence for the GFP-fusion proteins. The protein is
expressed by the cells and allows localisation of the protein
in the cell by fluorescence microscopy. Each clone of transfected cells expresses one different protein and it is possible
to spot on one slide hundreds of different plasm ids with different GFP constructs. The technique is being tested for
silencing of genes by the RNA interference.

micro-scanner

Adult human stem cells. In collaboration with Prof. A.
Ho, University Clinic Heidelberg, we have analysed the differentiation potential of adult human stem cells. We have
identified human homologues for genes that have key functions in asymmetric cell division during development. With
our Human Genome chip, we are investigating the expression profiles of the genes involved in division asymmetry in
candidate hematopoietic stem cells before and after defined
rounds of cell cycling, with the aim to identify novel genes
involved in the process. With a novel single cell culture system we are able to identify distinct asymmetric division patterns of hematopoietic and mesenchymal stem cells. We will
separate asymmetric dividing progeny out of homogenous
cell populations and subsequently identify key genes and proteins in humans involved in the cell fate decisions. Since the
amounts of stem cells available for analysis are very small,
efficient RNA isolation, and highly sensitive RNA amplification techniques (able to detect about 50 ng of total RNA)
have been developed and adapted.

miniaturisation, novel

Tumor angiogenesis. In collaboration with Dr.

Huber
and A.Abdollahi, German Cancer Research Center (DKFZ),
Heidelberg, we are analyzing genes and protein expression
patterns, in particular after physical- and pharmaco-therapies
(irradiation, ultrasound), relevant to tumor angiogenesis. The
Human genome microarray has been developed partly for
this collaborative project.

The development and applications of miniaturised systems
for fast and sensitive analysis, the Lab-on-a-chip technique,
continues to advance both in the academic and industrial laboratories as the clear future alternative.
In collaboration with the Agilent company we have participated in development and testing of a microchannel chip for
the separation of proteins, in particular of low molecular
weight proteins. With this technique the range of applications could be extended from DNA, RNA, proteins as well
as to their low molecular range. The micro-system may be
also applied to the study of protein expression and to detection of fluorescence in cells.

Cardiovascular diseases. Molecular characterisation and
analysis of specific gene expression patterns in cardiovascular diseases is analysed in collaboration with Prof. H. Katus,
University Clinics Heidelberg.
In collaboration with Dr. E. Deindl from the Max Planck
Institute for Physiological and Clinical Research, Bad
Nauheim, a novel protein, (the ankyrin repeat containing
box protein 5, a known suppressor of cytokine signaling), has been identified by differential gene expression and
DNA microarray techniques and associated with initiation of
arteriogenesis (the growth of novel arteries).

sacs

In collaboration with the Biomolex company, Oslo, we are
helping to optimise their new sensitive scanner for radioactive labeling as a testing site, developing applications and protocols for simultaneous detection of two or more radioac8

Biochemical Instrumentation Programme

Marker genes in cancer research. In a collaboration
project with Prof. Magnus. v. Knebel, University Heidelberg,
we are investigating and analysing the marker genes relevant
in several clinical cancer research studies.

gel image. From the grid, integrated lane profiles are generated for each of the 120 DNA lanes. Peaks are detected and
integrated. Additionally loaded standards (8 left and 8 right
from the 96 DNA samples) are used to quantify the detected bands and categorise them in quality classes. The quality
classes are visualised with different colours. Evaluation
results can be saved as HTML summaries, or Jpeg images.
Quantification data can be uploaded into Databases (MS
Access or MS SQL server). An out-coupling of ChipSkipper,
covering only the Agarose analysis part, was created (RTRSkipper) and transferred to collaborating laboratories.

Iron metabolism. In collaboration with the group of M.
Hentze and M. Muckenthaler, we have developed specialised
cDNA-based miroarrays, for investigation of complex physiological gene regulatory patterns in iron metabolism. Over
120 genes were selected to represent genes involved either
in iron metabolism or in interlinked pathways (e.g. oxidative
stress, NO metabolism or copper metabolism), and immobilised on glass slides. The findings demonstrate the broad
utility of gene expression profiling with the designed
microarray, to study iron metabolism and related human diseases.

Evaluation and documentation pictures of the agarose gels
were saved as TIF-files. For the evaluation of the gels,
RTRSkipper software was created, which allows a quantitative (concentration of DNA) and qualitative (multiple or single bands) evaluation of the purified PCR-fragments. The
evaluated gel is saved as an HTML file connected to an
access table containing the summary results of all gels
analysed. The individual gel pictures can be activated from
the summary table.

Chemotherapy resistant tumors. In collaboration with

Prof, D. Schadendorf, German Cancer Research Center
(DKFZ), Heidelberg, a project was initiated to identify proteins associated with chemo-resistance of tumors, and to
analyze their functional and diagnostic relevance. This is the
first time that this complex problem will be analyzed with
the global tools of functional genomics, proteomics and
bioinformatics, in a consortium with the participation of several academic and industrial laboratories.

From this table it is possible to look back to each gel. Thus
there is easy and fast access to raw data for each spotted
clone.
To follow the steps during the process all sample plates have
a specific barcode label, which is monitored and combined
with the documentation.

Software development, databases,
data management
Standardisation

Robotics and automation, microarray
spotter

of database, data management

There is an urgent need to set up a central database for
microarray data, and a central storage of the image files. The
system should allow easy access to large datasets produced
over several years, as well as easy data exchange between
collaborating groups at EMBL. Driven by Alvis Brazma (EBI),
the ArrayExpress universal database for storage of any
microarray platform, organism, experimental conditions was
developed. Annotation tools MiameExpress allows webbased annotation of microarray experiment according to the
internationally agreed MIAME standard, which the group
helped to develop and establish. Expression Profiler is a collection of clustering tools that offers a variety of algorithms
for analysiS of microarray experiment series, and can directly interact with the ArrayExpress database.

A new robotics engineer started work in January 2002, and
took over responsibility for laboratory automation, the 4
robots and microarray spotter. Additional work involves
workflow optimisation, and help in setting up and implementing databases for data storage and analysis.
Higher throughput was achieved on the pipetting robot (96
channels, with implementation of Stacker Carousel and optimisation of disposables trash), and in the automated method
for PCR cleaning and preparation of spotting plates.
Novel Spotting System spotting is performed on a OmniGrid
(GeneMachines) spotter, on amino-silane coated slides, using
48 split needles, with a new system developed in the group,
eliminating missing spots. This is a particularly critical factor
for large scale microarrays containing many thousands of
spots.

Data management is analysed in the frame of the EU-funded
TEMBLOR/DESPRAD project, jointly between our group
and that of Alvis Brazma.

Higher throughput on the microarray spotter was achieved
and the stacker made functional with lidded plates. Further
optimisation of the throughput and reliability was obtained
in testing various plates for spotting, spotting pins of various
dimensions, establishing a method for fast evaluation of spotting quality.

Software developments ChipSkipper, RTRSkipper
During the production of the human chip, a large number of
clones had to be verified with the Pharmacia RTR gel system.
Commercially available software packages did not offer simple and straightforward possibilities for the evaluation and
quantification of the 120 DNA lanes in the microtiter-plate
format. As a solution, we developed and implemented a basic
agarose gel evaluation software module. The tool was integrated in the ChipSkipper program package, reusing image
loading and display, as well as integration grid functionality.
Basic I-D data analysis and integration routines were implemented. Template grids for lane evaluation are placed on the

Routines running at present on the robotic systems:
- automated DNA preparation for DNA sequencing
- automated PCR cleaning
- automated gel loading for PCR product quality control
- automated spotting plate generation
9
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Figure I. Evaluation and analysis, quality control

of the PCR products, ChipSkipper and RTRSkipper software (Christian Schwager)

- spotting of human chip, mouse chip

buffer. By using a Biomek FX with a stacker, 4 spotting plates
could be prepared in one run lasting 40 min.

- optimisation of automated glass slide coating

Scanner. Slides are scanned with an Axon scanner (preview)
after spotting and attachment, to control spotting efficiency.

- advice to group members and other in-house groups using
our equipment (spotter, pipettors, slide- and plate readers)

Novel high-throughput multiple laser
fragment analyser, on-line detection
of fluorescently labelled
biomolecules

- quality control of equipment and methods

Barcode. To follow the steps during the process all sample
plates have a specific barcode label, which is monitored and
combined with the documentation.

Purification. The PCR products are purified on a Biomek

buffer free agarose gel system (RTR, Amersham/Pharmacia).
Gels are loaded by a Biomek 2000 robot (Beckman). Two
whole gels are loaded in 20 min, one gel run takes 5 min.

On-line systems, detecting bands during electrophoresis, are
commercially available for polyacrylamide gel separation.
Originally these instruments were designed for DNA
sequencing. Generally, limitations are low throughput,
restriction to the small DNA size of IKb, long separation
time. The Lab-on-a chip technology (Agilent), using microelectrophoresis in polymer media in 50 micron surface channels, has great potential for analysis of small amounts of
DNA, RNA, proteins and peptides.

Preparation of spotting plates. PCR products are transferred into 384 well microtiter plates in 2xSSC spotting

Detection of bands in standard agarose gels is generally performed after the electrophoresis step.The gel is taken out of

FX robot (Beckman) using the Macherey-Nagel Nucleospin
kit based on a silica matrix. Since a stacker was added to the
robot, 4 x 96well PCR plates could be purified in one run, in
90 minutes.

Quality control. The purified fragments are analysed on a
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the electrophoresis apparatus, bands are stained, image is
taken either by an electronic or photographic camera using
an appropriate optical illumination and filtering systems, or a
scanner. For few samples this is a low cost procedure. For
high throughput applications it is very time consuming and
tedious work, and on-line techniques enabling to analyse
large number of samples with direct data capture and storage in a computer are desirable.

analysis of proteomes. These projects have greatly contributed towards improving the quality of DNA microarrays
In the group we are pursuing two projects: the DHGP
(Deutsches Human Genom Projekt) and the NGFN
(Nationales Genomforschungsnetz). A grouping of several
teams have joined in a project to sequence many thousands
of full length cDNA clones funded by a grant from the BMBF
under the German Human Genome Project.

A novel instrument for high throughput analysis of DNA
fragments, such as is needed for analysis of PCR products or
in medical applications, has been developed in the group.The
instrument provides on-line detection of bands during electrophoresis in agarose gels using laser side entry excitation.
Large DNA fragments up to 20kB can be resolved and
detected, there are 120 samples analysed simultaneously.
Samples are pre-stained prior to electrophoresis by high
affinity intercalating fluorescent dyes (ToTo3, Molecular
Probes).

Within both projects we determined the complete sequence
of a total of 1220 full length cDNA clones, which adds up to
3,680,000bp in the last four years. This year we sequenced
220 cDNA clones, which add up to a total of 900,000bp. In
addition were sequenced over 8,000 ESTs.
Sequencing is carried out on the automated ARAKIS technology developed in the group, by DOUBLEX simultaneous
sequencing of both strands in a single reaction with two f1uorophores. Readings are 1,000 bases per single reaction,
which makes the technology particularly suitable for cDNA
sequencing projects. The superior accuracy and reading
length of the system was verified in many routine sequencing projects.

Agarose gels cast in the instrument have a thickness of 2
mm. The detection distance can be adjusted between 0.53cm.
The longitudinal dimension of the gel is divided into 10 gel
separation modules. Each gel module contains a row with 12
sample slots, a detector below the gel and a laser beam projected through the gel just above the detector. An electric
field is applied across the long dimension of the gel. In this
way only one power supply is required for the 10 gel modules.The dynamic range of the detector is improved by sampling several images of different exposure times. Data of individual pixels are chosen from images of optimal exposure
time. Grey values are corrected using exposure time as correction factor.

To avoid sequencing difficulties caused by the poly-A tails still
present in some clones, a set of twelve (dT) 20VN anchor
primers was synthesised, carrying a Cy5 fluorophore on
their 5'-end, and used as a cocktail, in combination with a
FITC labeled M13 reverse sequencing primer. So far, under
standard cycle sequencing conditions, failures of the method
were not observed.

FACS sorting, fluoro-image analyser,
new radio-scanner

The gel chamber is made of acrylic glass, except for the bottom, which is made of boro-float glass (Zeiss Jena), 1.75 mm
thick, used as an optical interface towards the detector.
Agarose gels are cast directly onto the glass plate. The current instrument is equipped with a single laser diode. Total
emission power is 25mW Beam splitters are used to generate one beam for each of the 10 detection modules. A red
emission wavelength of 635nm has been chosen, since scattering and absorption in agarose at this wavelength is minimised. The laser beams enter the gel through the acrylic
glass chamber wall on one side.

Sorting for all the biology Programmes at EMBL has been
performed on the three sorters in the facility, the main
preparative Cytomation Moflow FACS, the analyzing
FACScan (Beckton-Dickinson) and on the sorter for larger
particles like embryos. In some applications it was useful to
carry out pre-sorting of the cells using the magnetic sorting
system.

To facilitate loading, a panel with conical slits can be fixed
inside the gel chamber prior to casting. The slits serve to
hold the loading comb until the gel is polymerised. Prior to
sample loading the combs are removed and the slits guide
the pipette tips during the loading. Sample wells are 3mm
wide and Imm thick. The distance between wells is 1.5mm.
A multipipette and a robotic system can be used for loading.
The limited penetration depth of the excitation laser into
the gel matrix limits the number of samples per laser to 12.

The fluoro-image analyzer has been used extensively by all
scientific programmes for scanning of gels and detection of
radioactive labelled samples.

A course for cell sorting was organised for members of the
EMBL scientific programmes, and for the international meeting of FACS users taking place in December 2002 in
Heidelberg.

EMBO course on microarray technology:
from genome to proteome
The microarray technology developed by the group, software, data analysis, databases and general state of the art of
the technique, were presented during and EMBO course,
"Microarray Technology: from Genome to Proteome,"
organised by members of the group at EMBL in June 2002.

Full-length human cDNA sequencing,_
Arakis system
The importance of the full length cDNA sequences has been
confirmed for analysis of genes, as well as for the future
II
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process the original dataset generated on the machine. The
technology had been used in a variety of applications mostly focussing on research in splicing (Makarov et a/.,2002; Will
et a/. 2002).

With the near completion of the human genome and its
publication the scientific attention focuses more and more
on the exploration of the function of proteins in their biological context. Mass spectrometric techniques continue to
play an important role as a protein identification and protein
quantification tool. We continued in developing methods to
increase throughput and precision of mass spectrometric
protein characterisation and supported key applications.

When hundreds of peptides are investigated manual interpretation of the spectra becomes impossible. We implemented a data pre-processing regime which supports automatic identification of proteins.The data pre-processing consists of five steps: peak centroiding, joining of identical spectra, automatic calibration, filtering of all the fragment spectra
against a library containing spectra of contaminating peptides
and deisotoping and charge state deconvolution.

Mass spectrometry in biological
research

Functional proteomics

With the completion of the sequencing of large genomes
proteomics shifts more and more into the center of the general attention. Functional proteomics, the systematic study of
the function of proteins, is in the center of current activities.
Often, this is achieved by the purification of protein complexes, thei r characterisation with mass spectrometric techniques, the formulation of a putative function and biochemicalor biological experiments to test the hypothesis. The
purification of protein complexes leads to the characterization of a protein ensemble which performs a certain task in
the life cycle of a cell. Biochemical studies, like knock-out
mutations or cytohistological visualization of proteins, are
required to confirm and describe the function of the proteins in more detail.

The first step is the centroiding of the mass spectra.We programmed our own centroiding routine to reach a state that
every isotope is represented by only one ion signal independent of the original intensity of the peak. Figure I
demonstrates the result.
In a second step the data file is screened for fragment spectra which were generated from the same peptide and these
spectra are joined to only one spectrum. It can happen that
the mass spectrometer fragments one peptide several times.
These fragment spectra have a very different quality since
only the first is based on the majority of the peptide eluting
from the column. They would be searched against the
sequence database independently. The number of poor spectra which are searched against the database is reduced when
identical spectra are joined before the datafile is submitted
to the database search. In one run 51 spectra from a total of
384 were eliminated by joining them to fragment spectra of
the same peptide.

We continued to support applications using systematic protein complex purifications.

Technical improvements for mass
spectrometric investigations

Next, the mass spectra are calibrated in a fully automatic
mode. The quadrupole time of flight mass spectrometer generate spectra with a high mass resolution. Their limitation is
the correct mass calibration.Temperature shifts of 2°C in the
mass spectrometry room can already change the mass
assignment of the peaks to a considerable degree. We use
fragment spectra of autolysis products of trypsin to automatically calibrate the fragment spectra. Trypsin, the enzyme
used to digest the proteins, digests itself producing always
the same set of peptides. The fragment spectra of some of
these peptides are stored in memory. They are compared to
spectra in the experimental data file itself to localize the
fragment spectrum of the same peptide. Since the masses of
the abundant fragments in this spectrum are known this
spectrum can be used for calibration. The accuracy of the
data is improved from about 300 parts per million to 30 - 60

Direct protein complex characterization with online capillary HPLC tandem mass spectrometry

The most sensitive and secure method to identify proteins is
by using fragment spectra of some of their peptides.
Throughout the last year we implemented a capillary HPLC
system on-line interfaced with our quadrupole time of flight
mass spectrometer to identify proteins directly out of protein mixtures using fragment spectra of some of their peptides. Individual proteins or protein mixtures are cut from a
ID gel, digested and the digestion mixture is injected onto
the column of a capillary HPLC system. When peptides are
eluting from the column they are detected and fragmented
by the mass spectrometer. Like this, hundreds of peptides
and dozens of proteins can be identified in one experiment.
To improve the automatic protein identification we pre13
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parts per million.This accuracy is used in the database search
reducing considerably the number of peptides which need to
be considered, speeding up the database search and improving the specificity with which peptides can be identified.

Nano-electrospray based investigations

Deconvolution and deisotopic leads to spectra in which
every fragment is represented only be one datapoint. This
last step is done to adapt the spectrum better to the peptide search algorithm.When a peptide sequence is compared
to a fragment spectrum the search algorithm calculates for
every fragment its monoistopic mass and checks the spectrum whether this mass is present. Reducing the spectrum
to this information should increase the sensitivity and specificity of the database search.

Protein phosphorylations can be characterized by precursor
ion scans using triple quadrupole mass spectrometers. After
digestion phosphorylated peptides can be specifically
dedected out of the entire mixture of peptides by the phospho-specific precursor ion scan. This scan used in negative
ion mode detects exclusively phosphorylated peptides and
suppresses all the others. However, for sequencing other
peptides cannot be suppressed and the phospho-peptide has
to be selected from the crude mixture. Often, other peptides with the same mass overlay the phosphorylted peptide.
When selecting all peptides of the corresponding mass the
unphosphorylated peptide can dominate the fragment spectrum. Under these conditions, the mass of the phosphorylated peptide can be determined using the precursor ion
scan but it can not be sequenced. Thomas Kocher set up a

Characterization

We compared the search results achieved using Mascot
(http://www.matrixscience.co.uk) before and after pre-processing and found that the specificity for a protein identification increased at least a thousand fold. By pre-processing the
data it became at least thousand times less likely that a protein was identified by chance.

of protein phosphorylations
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Figure I. Fragment ion spectrum after resolution depending centroiding. The centroiding function considers at every m/z value the specific resolution of the mass spectrometer (Q- Tofl , Micromass, Manchester, UK). Like this very small and very large isotope peaks can be
centroided to one data point. This simplifies the task for automatic protein identification algorithms.
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Figure 2. Comparison of Q product ion spectrum obtained from the unseparated peptide mixture (A) with a product ion spectrum
recorded from an IMAC-enriched sample (B). The selected precursor ion of 687.9 Da corresponds to the triply charged f3 -casein phosphopeptide FQ[pS]EEQQQTEDELQDK. Without IMAC enrichment only the quadruply charged, unphosphorylated peptide NHPSVI/WSLGNESGHGANHDALYR is sequenced (686.8 Da) (panel A). After IMAC enrichment the phosphorylated peptide is more abundant
than the unphosphorylated allowing its sequencing and the localization of the phosphorylation site (panel B).

protocol to sequence phospho-peptides even if they overlap
with other, more abundant peptides on the same mass.

the mixture and than, if enough phosphorylated peptide was
present, to use the IMAC based enrichment to sequence
those which could not be covered in the first analysis (manuscript accepted for publication in The Journal of Mass
Spectrometry).

To do this, the phospho-peptide is enriched using an IMAC
column (Immobilized Metal Affinity Chromatography). IMAC
columns contain immobilized Fe 3+ ions which complex phosphate ions and acidic, negatively charged amino acids. Using
this concentration method phosphorylated peptides are
enriched relative to other peptides. By this the phosphopeptides can be sequenced after elution because the overlaying
peptide did not bind to the column and was lost.
Unfortunately, this additional purification step reduces the
overall sensitivity of the analysis (see Figure 2).

Improvement

of the database search software

We maintain and improve the database search software
PeptideSearch to allow manual database searches for protein
identification (www.narrador.embl-heidelberg.de/Group
Pages/PageLink/peptidesearchpage.html). This is very useful
to validate proteins which had been automatically identified but with a relative low score. Recently we
introduced an organism-tag to allow organism specific
searches.

The preferred way to characterize phosphorylated proteins
is to fi rst detect the masses of phosphorylated peptides
using a precursor ion scan, to sequence them directly from
15
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Introduction
The main challenge in contemporary cell biology is to understand the basic mechanisms and principles underlying the generation and maintenance of cellular organization. The Cell Biology and Biophysics Programme develops a wide range of experimental themes, and new approaches have been included that involve the quantitative analysis and modeling of complex systems as well as the development of new microscopy techniques. We are trying to bring together an interdisciplinary group
capable of developing new technology concepts to understand the basic principles of cell organization and dynamics.
The areas on which we are presently concentrating are membrane trafficking, microtubular and actin filament networks, the
cell cycle and the cell nucleus. Altogether, these themes provide a comprehensive view of cell organization in time and space.
Assays have been developed by different groups in the Programme in which complicated processes can be studied in the test
tube or in permeabilized cells. We are trying to identify the components of the machinery responsible for membrane trafficking, chromosome segregation and spindle behavior, cytoskeletal function, and signal transduction processes. We are also
trying to understand how structural and regulatory proteins interact in a dynamic way to generate cell compartments and
specific cellular functions. Different experimental systems are being used with a combination of biochemical, genetic and
sophisticated microscopy methods. Among those, the use of Fluorescence Energy Transfer (FRET) technology is growing fast
to examine the spatio-temporal interactions between molecules or their post-translational modifications during morphogenetic events at the cellular level or in signal transduction processes. Moreover, some processes begin to be studied using
computer simulation methods that may develop into a powerful tool to complement classical cell biology approaches. It is an
exciting time in cell biological research. Processes that only ten years ago seemed inaccessible are yielding to experimental
attack. Several examples will be found in the research reports that follow.
The unraveling of the mechanisms and principles responsible for cellular organization will demand novel concepts and
methodology where context will be essential. EMBL is the ideal environment for such an integrative effort.
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The role of microtubule dynamics and motors in
intracellular organization
Group leader:
Staff scientists:
Postdoctoral fellows:
PhD students:
Technicians:
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Stefanie Kandels-Lewis, Sofia Rybina*
Luana Coltella, Olivier
Fabien Gerbal, Sonia Lavisse, O/eg Lerner, Essyllt Louarn,
Annina Spilker, Hideki Yokoyama
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In interphase, microtubules form a more or less dynamic
network of fibers, usually originating at the centrosome.They
play a role in intracellular movement and positioning of
organelles (mitochondria, Golgi apparatus, cytoplasmic vesicles). When the cell enters mitosis, the interphase network
disappears and microtubules start to assemble the mitotic
spindle, the function of which is to segregate the chromosomes between the two daughter cells without failure.
Therefore, one important function for microtubules seems
to be, in interphase as well as in mitosis, to guide and orient
intracellular movements.
The three dimensional organization of microtubules in the
cell is determined by local and global regulation of their
nucleation and dynamics as well as by the activity of multiple
motors. Our goal is to identify molecules involved in microtubule nucleation, dynamics, orientation and organization in
the cell. Moreover, we would like to understand how these
molecules behave collectively in order to generate the various microtubule patterns observed in differentiated cells and
during the cell cycle (Karsenti, 2002; Karsenti and Vernos,
2002).

Regulation of microtubule dynamics
and nucleation
(Andrei Popov)

We still do not know the molecular basis of the regulation
of microtubule dynamics in interphase and mitosis. There
seems to be a combination of Microtubule Associated
Proteins (MAPs) that maintain a high microtubule growth
rate, and factors that make microtubules unstable. This is
very important to understand how the shape and size of
microtubule networks are determined. Andrei Popov has
cloned a Xenopus MAP (XMAP 215) discovered several
years ago. This MAP is homologous to the human TOG protein, highly expressed in tumors. Regis Tournebize
(Tournebize et 01.,2000), in the group ofT. Hyman, has shown
that this MAP counteracts the destabilizing effect of
XKCM I, a motor that promotes a high rate of catastrophes
in egg extracts. So, the dynamic state of microtubules seems
to be determined by the relative activity of destabilizing factors and stabilizing factors. During the interphase to mitotic
transition, regulating either factor can change the dynamics

and therefore steady state length of the microtubules. We
have now the proof that the steady state size of the spindle
is determined by the dynamic characteristics of the microtubules it is made of. Andrei Popov has identified the
XMAP215 domains responsible for its activities. The N-terminal domain stabilizes microtubules by antagonizing the
effect of XKCM I, the M (central) domain, has no obvious
direct effect (although it may be involved in regulation) while
the C-terminal domain is required for targeting to microtubules and centrosomes (Popov et 01., 200 I). In this connection, Andrei has also shown that XMAP 215 is required
for microtubule nucleation off centrosomes in interphase
and that small magnetic beads coated with XMAP215 can
nucleate microtubules. This is interesting because this MAP
seems to stabilize longitudinal interactions between tubulin
subunits, suggesting that it could nucleate microtubules by
forming protofilament seeds in conjunction with other factors like gamma-tubulin (Popov et 01., 2002).

The role of chromatin in
microtubule dynamics and nucleation
(Rafael Carazo-Salas)

In 1984, I noticed that mitotic chromatin is required to form
a functional bipolar spindle: the microtubules of two asters
localized next to each other in the mitotic cytoplasm of frog
eggs never interacted because microtubules were too short
and dynamic. In contrast, microtubules could become organized into a bipolar spindle around DNA lacking kinetochore
sequences, even in the absence of centrosomes. Rebecca
Heald had shown that in interphase extracts, functional
nuclei would assemble around the beads whereas in mitotic
extracts, bipolar spindles assemble in the absence of centrosomes and kinetochore sequences on the DNA linked to the
beads (Heald et 01., 1996). This provides a powerful tool to
study the effect of chromatin on microtubule nucleation and
dynamics.
Using this system, S0ren Andersen had shown that one of
the factors that make microtubules highly dynamic in the
cytoplasm, the protein Stathmin, is more phosphorylated and
inactivated in mitotic extracts of Xenopus eggs, when chromatin is present. Therefore, this mechanism may be, at least
in part, how microtubules grow preferentially towards chro20
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mosomes during mitosis (Andersen et 01., 1997) We have
proven the effect of chromatin on microtubule dynamics in
two ways. First, Rafael Carazo-Salas has shown how much
and how far away the chromatin beads affect microtubule
plus end dynamics in egg extracts (submitted). This work
establishes for the first time that two sub-cellular systems
(chromatin and microtubules) interact dynamically at a distance and that a collective behavior emerges from this interaction. Second, in addition to regulation of microtubule
dynamics, chromatin can trigger microtubule nucleation in its
vicinity in the absence of centrosomes during mitosis. We
now know that this effect works through the Ran system
and the protein TPX2 (Carazo-Salas et 01.,200 I, Gruss et 01.,
200 I). This year, Gruss et 01. have finally confirmed that this
effect is general by showing that the TPX2 pathway for spindle formation is also required in human cells containing centrosomes (Gruss et 01., 2002). These results are extremely
important because they show that chromosomes affect the
directional growth of microtubules towards chromatin at
least by generating a local high concentration of RanGTP and
they explain an old observation that centrosomes increase
their nucleating activity at the onset of mitosis just upon
nuclear envelope breakdown.

between fluorescent forms of Ran and Importin beta. Since
only the GTP form of Ran is supposed to interact with
Importin beta, and since Ran-GTP is expected to be produced as a gradient around chromosomes, a gradient of
interaction is expected to be found around chromosomes in
mitotic extracts (Carazo-Salas et 01., 200 I). Maiwen has
found the existence of a long-range gradient that extends
30IJm away from the chromosomes with a very high level of
interaction close to the condensed chromosomes. This fits
well with the functional results of Rafael Carazo-Salas who
finds that microtubule plus ends can 'feel' the presence of
chromatin as far as 20IJm away, but that once a centrosome
is in a radius of IOlJm around the chromosomes, the aster it
produces becomes radialy symmetric (Carazo-Salas and
Karsenti, submitted). By contrast, this is at variance with the
results reported by Kalab et 01. (2002) who find a gradient of
Ran-GTP quite closely apposed to chromosomes. Our
results are quite confirmed by theoretical calculations.

Visualization of gradients of
regulators of microtubules in vivo and
in extracts

(Stan Leibler,

Modelization and computer
simulation of motor dependent
microtubule organization in two
dimensions

Nedelec and Thomas Surrey)

Most of the work carried out until now in the laboratory on
the organization of microtubules by motors has involved the
use of Xenopus egg extracts, a fairly complex system. The
interpretation of the results of inhibition of motors by antibody addition or immuno-depletion remains largely intuitive
and qualitative. In order to fully understand the respective
role of all these motors in spindle assembly, it will be necessary either to reconstitute fully the system in vitro or to simulate the behavior of microtubules and motors in computers. Franc;ois Nedelec, a physicist and Thomas Surrey, a biophysicist, have been working together with Stan Leibler to
develop both a simple in vitro system and computer simulations of the self-organization of microtubule-motor mixtures.The present aim is to determine the minimum number
of components required to generate a bipolar microtubule
array. Results on simple in vitro experiments involving two
motors and pure microtubules reveal that a restricted number of figures can be generated ranging from vortices to
asters, including anti-parallel patterns. However, no clear
bipolar structures can be generated. Some of these patterns
have been reproduced in computer simulations where antiparallel structures also appear to be highly unstable and
unlikely. By contrast, in these simulations, conditions have
been found which allow the generation of highly stable bipolar structures. Apparently this requires that at least one of
the motors be not in a soluble form. Moreover, we have now
understood what is the relative contribution of various
dynamic parameters to the final steady state structures
observed. In the simulations of microtubule-motor self
organizing systems, one takes into account the following
parameters: diffusion, the probability that a motor binds to a
microtubule (P on) or unbinds (Poff)' concentrations, microtubule growth and flexibility, the probability with which a
motor falls off the end of a microtubule (P offend) and motor

(Philippe Niethamer and Maiwen Caudron)

The previous results strongly suggested the existence of regulatory gradients in cells and their role in guiding microtubule organization and dynamics. Philippe Niethamer has
started to look at the interaction between tubulin and stathmin using FRET technology in living Xenopus cells. The idea
behind this work was to use a modified form of Stathmin
tagged with fluorophores that will emit light with different
life-times whether the stathmin is free or bound to tubulin
(work done in collaboration with R Bastiaens). The system
has been tested in vitro with pure components and found to
work very well. Gradients of interactions have been found
between tubulin and stathmin in interphase cells that are
producing leading edges. Stationary cells do not show reproducible gradients. Most interestingly, it looks like the proportion of tubulin interacting with stathmin is lowest
towards the leading edges, suggesting that this may be how
microtubules are locally stabilized in the direction of movement of the cell. Preliminary results indicate also that there
is a gradient of interaction between tubulin and stathmin
around chromosomes, the lowest interaction being found
around chromosomes as predicted by the former experiments of Andersen (Andersen et 01., 1997). All this work is
almost finished and in the process of being written. It revives
the possibility that microtubule dynamics is also locally regulated in cells by the stathmin system.
Maiwen Caudron has taken the other aspect of the project
in collaboration with the laboratory of R Bastiaens: she is
studying the interaction between Importin beta and RanGTP in egg extracts around chromosomes in interphase and
mitosis. In this case, she looks at the FRET that occurs
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directed motor. This could be an interaction between eg5 and
ned for example.

speed and directionality. The whole simulation is stochastic
without any adjustable parameters others than those defining
the components. There is only one equation describing the
movement of motors along microtubules. We found that one
motor can either form asters or vortices depending on the
value of Poffend. If the value is too high, vortices form whatev-

The role of microtubules In muscle
morphogenesis
(Veronique Pizon, Luisa Pieroni)

er the value of other parameters, provided they are in the
proper parameter space. Above a certain value asters form.
We therefore identify this parameter as one that decides
between two alternate steady state 'topologies' of the system.
The other parameters mostly determine whether self-organization happens or not and the 'intensity' of it, in other words,
the number of microtubules and motors participating to the
final steady state structure. When two motors of opposite
polarities are present, an additional pattern arises made of
"anti-symmetric spindles." Again, Poffend is important for this

By studying the mechanism of mitotic spindle assembly we
have learned that self-organization of microtubule motor
mixtures coupled to regulation of microtubule dynamics have
a powerful morphogenetic power. During muscle morphogenesis, actin and myosin filaments become aligned in a regular pattern with Z-bands arranged in a very precise periodic
pattern. Microtubules are required for this to happen, but we
don't know how.Veronique Pizon and Luisa Pieroni have started to examine this question. They are first looking at the
localization of sarcomeric actin, myosin, a-actinin and microtubules during myotube formation. Preliminary results
obtained by confocal observations strongly suggest that there
is a step during which actin and myosin filaments are aligned
and organized by microtubules. Moreover, new confocal
dynamic studies suggest that myosin moves along microtubules and that microtubules move during muscle morphogenesis. Part of the work is now finished and an article is
being written on the dynamics of microtubules during
myotube formation. Also, new transient interactions between
titin, myosin and MURF2 have been discovered during the formation of nascent myofibrilles (Pizon et 01., 2002).

to happen but a second parameter becomesa topological
switch: the absolute concentration of the two motors (Surrey
et 01., 200 I). Franc;ois Nedelec has further improved the simulations dramatically and begun to explore systematically the
parameter space under which an anti-parallel array of overlapping microtubules could form in the absence of chromosomes. He found a few solutions that all require the involvement of a hybrid formed of one plus- and one minus-end
directed motor (Nedelec, 2002). This is interesting because
we do not know of any such natural motor. Therefore if such
a motor exists and participates in the formation of the bipolar spindle, either it remains to be discovered or it may form
by the regulated interaction of a plus- and a minus-end
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and heterotypic interactions between receptors, and the
complementary intrinsic tyrosine kinase, and protein tyrosine phosphates (PTP) activities. To probe for the capabilities
of multi-component RTK signalling units, we have analysed
the spatial and temporal aspects of epidermal growth factor
receptor (EGFR) activation by imaging its phosphorylation in
intact cells. PTP inhibitors, such as phenyl arsine oxide and
hydrogen peroxide fully activate EGFR in the absence of ligand, showing that PTP activity maintains the receptors in the
inactive state in resting cells. Spreading of EGFR phosphorylation after focal stimulation with EGF attached to beads
showed an amplification mechanism of ligand-independent
propagation of receptor activation at the plasma membrane.
Our experiments indicated that a mechanism relying on
reactive oxygen species mediated PTP inhibition coupled to
RTK activation is responsible for signal amplification and
spreading of phosphorylation to non-ligand bound EGFR
receptors. To investigate the implications of a coupling
between PTP and RTK activity we formulated and analysed a
minimal reaction network. This model allows us to understand the general properties of such a feedback system and
to devise experiments to further test these.The existence of
a bistable state in this type of reaction network that depends
on the kinetic parameters of the coupled reactions, explains
an observed threshold response to growth factors, and how
a high level of phosphorylated receptors can be maintained
in plasma membrane regions that were not exposed to ligand. The interaction of EGFR with the orphan c-erbB-2
receptor was also investigated. FRET-based fluorescence
assays were developed to monitor its phosphorylation and
interaction with other RTKs in intact cells. It was shown that
overexpression of c-erbB-2 maintains a high EGFR density in
the plasma membrane for prolonged times after growth factor stimulus in comparison to cells that express c-erbB-2 at
very low levels. This also resulted in prolonged high phosphorylation levels of EGFR after EGF stimulus. c-erbB-2 is
endocytosed at a much slower rate than EGFR and we now
question whether the interaction of c-erbB-2 with EGFR
keeps EGFR at the plasma membrane at high density thereby maintaining an excited bistable state of the EGFR/PTP
network for prolonged times.

The cellular information processing machinery can be perceived as sets of interconnected protein catalysed reactions
that are organised in larger functional units. Depending on
the wiring between the individual components and kinetic
settings of each reaction, these units are capable of eliciting
distinct responses.Which ensembles of molecules form functional units in the cell and what properties emerge from the
collective behaviour of the molecules within the units? Can
we identify general properties of reaction networks from
their basic wiring pattern and do these properties recur in
networks that use different sets of molecules? We want to
address these questions by analysing the capabilities of reaction networks in early signal transduction in response to
growth factors and of reactions that regulate the microtubule cytoskeleton. To detect elemental protein reactions
within the networks, fluorescent assays were developed that
report on post-translational modifications, protein interactions or conformational changes. The reaction state of proteins are sampled by quantitative fluorescence imaging
microscopy in intact cells, maintaining the connectivity and
spatial organisation between all components.We have adopted a recursive approach between optical detection of protein reaction dynamics in cells in response to spatially
localised perturbations and mathematical modelling of the
system, initially analysing a minimal set of components. The
often non-intuitive general properties of the system that
emerge from the theoretical analysis can then be verified in
the experimental setting of living cells.

Receptor tyrosine kinase reaction
networks in cells

(Christian Tischer, Andrew Reynolds, Peter Verveer, Ivan
Yudushkin, Martin Offterdinger, Virginie Georget, ErnstLudwig Florin)
The superfamily of receptor tyrosine kinases (RTKs) are
involved in the regulation of cell proliferation, differentiation
and motility. Growth factor binding induces oligomerisation
of receptors at the plasma membrane, which leads to activation of the intrinsic receptor tyrosine kinase activity and
trans-phosphorylation of multiple tyrosine residues in the
intracellular part of the receptor. The latter are docking sites
for proteins containing Src homology 2 and phosphotyrosine
binding domains, thereby relaying the growth factor signal to
the interior of the cell.The members of the RTK family operate within a reaction network constituted from homotypic

Protein tyrosine phosphatase
oxidation in RTK signalling
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(Fawaz Haj, Ivan Yudushkin, Peter
Schultz, Benjamin Neel)

Carsten

amino acids, post-translational modification of GFP-tagged
proteins can specifically be detected by measuring FRET
using FLIM. Since the acceptor fluorescence is filtered out in
this approach, saturating amounts of acceptor labelled antibodies can be used, increasing the probability of detection of
phosphorylation. In this way, large arrays of GFP-tagged proteins encoded by GFP-cDNA fusion libraries can be investigated for their involvement in signal transduction cascades
by measuring their post-translational modification in situ in
response to mitogenic stimuli. We have shown that GFPfusion proteins can be expressed at specific coordinates in
the array, and that phosphorylation of tyrosine residues on
GFP tagged tyrosine kinases could be detected after growth
factor stimulus. Full-length cDNAs generated and analysed
by the German cDNA Consortium for their function have
been fused to GFPs in the group of Rainer Pepperkok. This
extending library is initially being screened in the cell arrays
for tyrosine phosphorylation after growth factor stimulus.

By imaging the interaction between RTKs and PTP IB we
have shown that signal termination by RTK dephosphorylation happens after endocytosis of the receptors at the surface of the ER. This signal termination location in the cell is
distal from the reaction network at the plasma membrane
that regulates EGFR phosphorylation by reversible inactivation of PTPs through oxidation of an essential catalytic cysteinyl residue by hydrogen peroxide. We have obtained evidence that the inactivation of PTPs by hydrogen peroxide
generated in the cell by growth factor stimulus must be spatially partitioned in a layer below the plasma membrane,
since extensive activation of EGFR on endomembranes is
induced by exogenously added hydrogen peroxide in stark
contrast to growth factor activation that is constrained to
the plasma membrane. We are therefore interested in imaging the spatial distribution of oxidised PTPs in cells after
growth factor stimulus. An approach that can be used in
fixed cells was devised where the thiol groups are reacted
with alkylating reagents such as N-ethylmaleimide or iodoacetamide. Since the to sulfenic acid oxidised reactive site thiol
groups cannot be alkylated by these agents, subsequent
reduction by DTT makes only these thiols reactive to fluorescent maleimide analogues. By microscopically imaging
FRET between GFP fused to a PTP and the acceptor dye
cross-linked to the thiol groups, the oxidation of any PTP can
be quantitatively measured in the cell. Donor based FRET
measurements such as fluorescence lifetime imaging
microscopy (FLIM) provide improved specificity in the signal
since molecular proximity of a reactive thiol to the to PTP
fused GFP is measured, excluding all reactive cysteines on
other proteins. We want to further improve the specificity in
this approach by mutating two cysteines in the to PTP fused
GFP to serines. We are also developing an approach where
oxidation of PTPs can be measured in live cells. In collaboration with the group of Carsten Schultz, cell permeable fluorescent peptides are being designed that contain a caged
phosphotyrosine analogue that cannot be hydrolysed. After
uncaging the peptide with UV light, binding to PTPs with
reduced thiols in the active site can be followed with FRET
imaging using FLIM.

The relevance of post-translational modification of proteins
to growth control in pathological conditions are being examined in tumours using a two antibody FRET assay. This assay
allows the quantitative imaging of post-translational modifications in endogenous protein in archived tissue sections. In
this way clinical and pathological data from tumours can be
correlated with protein activities. Several tumour cell lines
have been screened for EGFR phosphorylation by this assay
showing no direct correlation between expression level and
activation state. Tumour cells expressing low levels of receptor that were highly phosphorylated shows that characterisation of protein expression levels alone is not sufficient as
a determinant for growth control. RTK phosphorylation was
imaged in human tumour sections by confocal acceptor photobleaching FRET detection. This allowed us to map and
compare phosphorylation state of proteins in healthy and
tumour tissue from the same archived section.

Bi?chemical activities in morphogeneSIs

(Philippe
Karsenti)

Maiwen Caudron, Eric

The 17 kDa tubulin sequestering molecule stathmin/op 18 is
a negative regulator of microtubule growth, increasing the
catastrophe frequency and decreasing the growth rate. This
molecule plays a morphogenetic role in both cell extensions
during cell motility and in the formation of the mitotic spindle. The Xenopus stathmin releases tubulin upon its phosphorylation on serines 16, 25 and 38 thereby increasing the
free tubulin concentration leading to a polymer "friendly"
environment. The kinases that phosphorylate stathmin or
their upstream regulator molecules are localised to specific
structures in the cell, such as the plasma membrane or the
chromosomes. For example, polokinase I that phosphorylates stathmin during mitosis is highly sequestered on chromosomes. It is therefore possible that a gradient of phosphorylated stathmin exist around these macromolecular
structures, thereby creating a local environment in the cell
that promotes microtubule growth. In order to image the
activation state of stathmin in Xenopus fibroblast cell lines,

Optical detection of protein post
translational modifications in cell
arrays and tissues.

(Holger Erfle, Anthony Squire, Andreas Girod, Richard
Magdeburg, Rainer Pepperkok)

In order to obtain insight in interconnections between proteins in networks that are involved in signal transduction, an
approach was developed that enables the optical detection
of protein reactions in cell arrays. In this system, mammalian
cells are cultured on glass slides on which different cDNAGFP expression plasmids were spotted in an array. cDNAGFP fusion proteins are then expressed in cells at specific
sites by this local transfection technique. By incubating the
permeabilised cell arrays after growth factor stimulus with
fluorescent labelled generic antibodies against modified
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several fluorescent imaging assays have been developed and
tested that monitor the phosphorylation, conformational
state and direct interaction with tubulin. A conformational
sensor where FRET is monitored between CFP and YFP
fused to the Nand C-terminus of stathmin proved to be the
most useful for in vivo studies since this construct could be
transfected and expressed in cells. Tubulin binding experiments in vitro demonstrated cooperative binding with high
affinity of two moles of tubulin dimers per mole of CFPstathminIn vitro phosphorylation of the construct, or
mutation of serine 16, 25 and 38 to glutamate, increased the
apparent dissociation constant an order of magnitude,
demonstrating its decreased affinity for tubulin upon phosphorylation. Ratiometic FRET imaging of this construct
expressed in Xenopus epithelial cells showed gradients of
phosphorylated stathmin at leading edges of cells that were
stimulated with serum or phorbol ester. A similar gradient
was observed around mitotic chromatin in dividing cells.
Cells that expressed CFP-stathmin-YFP constructs in which
serine 16, 25 and 38 were mutated to alanine exhibited
reduced gradients. These findings suggest that polarized
microtubule shapes are generated by general regulatory
principles in which a local state of the cytoplasm promotes
microtubule polymeristation.

RanGTP has a function in chromatin-induced spindle formation by inducing microtubule nucleation, and that the chromatin-bound guanine nucleotide exchange factor RCC I is
necessary for this process.We want to know if the chromosome-localised activity of RCC I induces a gradient of
RanGTP around chromatin, and if this gradient organises
polarized microtubule shapes in the bipolar spindle. An
approach was developed that enables microscopic imaging of
the activation state of Ran in Xenopus mitotic extracts. This
optical protein binding assay is based on differential protein
affinities for the GTPase dependent on whether its bound
nucleotide is GDP or
Ran GTPase binds to karyopherins in its GTP state thereby releasing cargo. Therefore,
importin b was labelled with Cy3 which is a FRET acceptor
of the donor Alexa488 that is conjugated to Ran on the solvent exposed cysteine I 12. The interaction is measured by
FRET via the donor Alexa488 on Ran using FLIM.This allows
the presence of a molar excess of the acceptor labelled
karyopherins. This GTPase assay was tested and validated in
mitotic Xenopus egg extracts using chromatin-beads or
sperm nuclei as chromatin source. The experiments using
this system show an extended gradient of RanGTP/RanGDP
around chromatin. By increasing the concentration of the
Ran GTPase activating protein RanGAP in the mitotic
extract, the extend of the gradient is decreased in conjunction with the observation of disordered shortened microtubule structures around chromatin. These findings also support a morphogenetic principle of a local cytoplasmic environment around macromolecular structures that directs
microtubule formation.

Small GTPases also play key functions in processes that generate shapes in cells. For example, the Rho family GTPases
have been shown to be involved in cytoskeletal rearangements during cell motility and the Ran GTPase in the formation of the mitotic spindle around chromosomes. It was previously shown by the groups of Karsenti and Mattaj that the
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very short also in mal3 deleted cells, we have started a
detailed investigation to describe the role of mal3p in organising interphase microtubules.

During the development of a multicellular organism cells differentiate into specific cell types. Ultimately, every cell ends
up not only in the correct position but also with a particular shape. To create a defined cellular morphology a cell has
to be able to polarise and to correctly orient its polarity
axis. This requires the proper arrangement of the cytoskeleton, consisting of actin and cytoplasmic microtubules.We are
particularly interested in the role of cytoplasmic interphase
microtubules in cellular morphogenesis.

We were able to show that, like EB-I, mal3p binds to the
microtubule lattice and accumulates at growing microtubule
tips. We could also detect mal3p dots along the microtubules. Unlike tip I P dots, mal3p dots showed bi-directional
movement in time laps imaging experiments. The dots moving outbound, towards the cell ends, turned out to decorate
the tips of secondary microtubules, which are growing along
pre-existing ones. However, the dots moving inbound,
towards the microtubule nucleation sites, are not connected
to microtubule ends.These dots highlight what appears to be
a recycling mechanism, which removes the mal3p dependent
microtubule stabilising machinery from the microtubule plus
ends and moves it back towards the nucleation site. Because
we found that mal3p is not only required for the maintenance of microtubule growth but also for the initiation of
growth, such a recycling mechanism would ensure that the
mal3p system is present at the microtubule nucleation site
when the depolymerising microtubule end arrives.

Not much is known about the molecular mechanisms
required to organise cytoplasmic microtubules in space and
time. We use the fission yeast Schizosaccharomyces pombe, a
unicellular eukaryote, to investigate these mechanisms.
Interphase microtubules serve two important functions in
shaping the cylindrical fission yeast cells. They are required
for the positioning of the nucleus in the cell centre which
defines the future site of cell division and they ensure the
exact positioning of the two antipodal growth sites by
depositing the tea I p marker protein. Cytoplasmic microtubules are arranged in antiparallel pairs of bundles that span
the entire length of the cell.They originate from several sites
on the nuclear envelope in the cell center where their minus
ends overlap, and they grow with their plus ends towards the
two opposite target regions at the cell ends. After reaching
the cell ends the microtubules switch from growth to shrinkage, an event termed "catastrophe". The main focus of our
work is to find out how microtubules find and identify the
cell ends. We focus on proteins that are situated at the tips
of growing microtubules. This complex appears to function
as a major control device. We have previously identified a
microtubule guidance mechanism which requires the function of one of the proteins in the complex, tip I p. Tip I p, a
homolog of human Clip 170/Restin, acts by preventing premature microtubule catastrophe if inappropriate regions of
the cell cortex are encountered. This mechanism allows
microtubules to grow along the cell cortex until the cell end
is reached.

Our results show that the mal3p system is fundamental to
microtubule dynamics. In this system, mal3p functions to
promote microtubule growth. Importantly, mal3p activity is
independent of tip I P and in the absence of tip I P it is by
default inhibited as soon as the microtubule tip encounters
the cell cortex in any region of the cell. In wild type cells
however, tip I P prevents mal3p inactivation specifically at the
cortex in the cell centre.Tip I p seems to act by directly controlling mal3p activity, because we could show that the two
proteins are present in a complex and because tip I P localisation is fully dependent on the presence of mal3p.
Taken together our results uncover a functional hierarchy
between two microtubule stabilising proteins and show the
existence of a two-step mechanism operating to spatially
organise the microtubule cytoskeleton. Thereby, mal3p is
part of a basic system that shuttles on the microtubules, and
ensures that they grow long enough to reach the cell cortex.
Tip I P adds an additional level of regulation to the mal3p system, and allows the cell to keep its microtubules growing at
the cell cortex in central regions of the cell, thus ensuring
that they efficiently target the cell ends.

The role of mal3p In microtubule
organisation
Mal3p is a functional homolog of human EB-I, a protein that
binds to the tumor suppressor APC (Adenous Polyposis
Coli). Mal3p was shown to be involved in microtubule organisation, spindle formation and chromosome seggregation but
the molecular nature of mal3p function is completely
unknown. Because, like in tip I deleted cells, microtubules are
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This group also belongs to the Gene Expression Programme.
The genome of eukaryotic cells is compartmentalized inside

dephosphorylation allows the reassembly of the interphase
nuclear architecture.

the nucleus. This organelle is delimited by the nuclear envelope (NE), which consists of two concentric membranes in
direct continuity with the ER. In metazoans, the NE is stabilized by the nuclear lamina, a tight meshwork of polymerized

Our interest is to investigate the structural and functional
dynamics of the nucleus in intact cells including its remodeling in mitosis (Ellenberg, 2002). To this end we are using live
cell confocal microscopy to directly observe key proteins of
these dynamic processes - f1uorescently tagged with GFP
and other fluorophores - in real time. Moreover biophysical
methods such as photobleaching and fluorescence resonance energy transfer allow us to combine high-resolution
characterization of nuclear remodeling with the analysis of
protein-protein interactions in situ.

intermediate filament proteins underlying the inner nuclear
membrane. The double membrane is perforated by nuclear
pores - large protein complexes that form aqueous channels, which allow selective traffic between nucleus and cytoplasm. Closely attached to the nuclear periphery are heterochromatic
regions
of chromosome
territories.
Biochemical and genetic studies have identified molecular
interactions between the four major structural components
of the NE (Burke and Ellenberg, 2002). Our in vivo analysis of

In the past year our work has focused on the following areas:
steady state dynamics of nuclear pore complexes, the mechanism of NEBD in meiosis, dynamics and positioning of chromosome territories throughout the cell cycle, and computer
simulations to model diffusion and biochemical binding interactions of nuclear proteins based on photobleaching experiments. In addition to these core projects we have collaborated with several groups on subjects such as the cell cycle
localization of the small GTPase and mitotic regulator Ran
(Hinkle et 01., 2002), the mechanism of mRNA localization in
budding yeast (Kruse et 01.,2002) and the function of histone
modifications during Xenopus oocyte maturation (Schmitt et

the stability of protein complexes in the nuclear periphery
has shown it to be a highly crosslinked and stable protein
network in nondividing cells (Daigle et 01., 200 I). Upon
entering mitosis, most metazoan cells completely and rapidly dismantle NE structure by phosphorylation and depolymerization in a process termed nuclear envelope breakdown
(NEBD). This results in a highly regulated switch in the confinement of the genome. Nuclear membranes that surround
chromatin in interphase are replaced by cytoplasmic spindle
microtubules, which organize and segregate the condensed
chromosomes in an "open" mitosis. We have shown recent-

01.,2002).

ly that prior to lamin depolymerization, NEBD is facilitated
by microtubule mediated mechanical rupture of the NE

Steady state dynamics of the nuclear
pore complex

(Beaudouin et 01., 2002; Figure I). After microtubules have
gained access to chromosomes and accomplished their seg-

The nuclear pore complex (NPC) of eukaryotic cells is a fundamental unit of nuclear structure mediating nucleocyto-

regation, the mitotic kinase machinery is degraded and
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Figure /. NEBD in somatic mammalian cells. The nuclear lamina is torn open by spindle microtubules. 4D reconstruction of an NRK
cell coexpressing histone 2B-CFP and lamin B1-YFP during the G2/M transition. Large arrowheads: First holes in the lamina, small arrowheads: spreading of the hole boundary. Time: m:ss, bar: 5 J.lm. (Beaudouin et aI., 2002)
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Figure 2. Germinal vesicle breakdown in starfish oocytes. The nuclear envelope is permeabilized in a spreading wave. Confocal timelapse of the germinal vesicle of a starfish oocyte injected with 500 kDa Alexa488 dextran in the cytoplasm during maturation.
Arrowheads point to the progression of the dextran entry wave into the nucleus. Time is in seconds. Time 0 marks the start of the dextran entry. (Lenart and Terasaki, unpublished data)

Nuclear envelope breakdown in
meiosIs

plasmic transport. In vertebrates it consists of -30 proteins
termed nucleoporins that occur in -8-24 copies/NPC and
are organized into several subcomplexes believed to form
the building blocks of the entire pore. In the first characterizations of NPCs in intact cells by fluorescence recovery
after photobleaching (FRAP) we had shown that the
turnover of nucleoporins POM 121, Nup 133 and Nup I07 on
and off the NPC is extremely slow in interphase, while a different nucleoporin, Nup 153, associated only transiently with
the NPC (Daigle et al., 200 I; Belgareh et al., 200 I).In the past
year we have extended those studies to 16 individually GFP
tagged nucleoporins stably expressed in mammalian cell
lines. By using a modified quantitative bleaching protocol
termed iFRAR we have measured the residence time of
these proteins at the NPC. We find four classes of nucleoporins that show different behavior in steady state. The first
class (Nup 133/ 107/93, Seh I, Sec 13, POM 121) has residence
times longer than 20 h and can be defined as the stable core
of the NPC that does not turn over throughout interphase.
The second class (Nup62/214/58/98, hCG I) has residence
times between 3-1 0 h and thus represents nucleoporins that
can be exchanged during a normal interphase and might be
subject to regulation of NPC function. The third class has
short residence times between 10-250 s and thus only transiently associates with the NPC, suggesting a function in
short term regulation or dynamic transport reactions themselves. This project will provide the first comprehensive
characterization of steady state dynamics of the NPC and
has already generated invaluable tools to study changes in
structural dynamics during NPC assembly and nucleocytoplasmic transport.

The step of the G2/M transition that commits a cell to Mphase is the breakdown of the NE, a process whose mechanism has not been established. Our studies in mammalian
somatic cells had shown that microtubules facilitate NEBD
by mechanically rupturing the NE in a dynein dependent
manner in prometaphase of mitosis (Beaudouin et al., 2002).
In order to analyze NEBD in a system that is not dominated
by microtubules we also analyzed NEBD in starfish oocytes.
These cells are ideally suited for imaging NEBD because they
are naturally arrested in G2 of meiosis I, are optically clear,
can be microinjected quantitatively and have a large nuclear
diameter. In collaboration with Mark Terasaki (MBL, Woods
Hole) we had established a system to study the mechanism
of NEBD by measuring changes in NE permeability using fluorescent dextran tracers (Terasaki et al., 200 I). Extending
this initial study, we now used a size series of carefully calibrated dextran fractions, GFP tagged nucleoporins, as well as
electron microscopy to analyze the first steps that trigger
NEBD in oocytes. We found that NEBD proceeds in two
phases. In phase I, NPCs are partially disassembled by dissociation of peripheral nucleoporins over the course of 10
min, allowing entry of macromolecules smaller than 40 nm
into the nucleus. At this time the nuclear membranes and
lamina are still intact and continuous. In phase II, NPCs are
removed from the NE completely, leading to a rapid and
complete permeabilization of the nucleus even for very large
(100 nm) macromolecules. This permeabilization starts at a
single site and then rapidly spreads as a wave over the NE
surface within 30 s (Figure 2), leaving a fenestrated NE con30
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Computer simulations to analyze
FRAP experiments of nuclear
proteins

sisting of membrane fragments attached to the underlying
lamin scaffold behind. Thus in oocytes, in the absence of
mechanical deformations, NEBD is triggered by disassembly
of the NPC (Lenart et 01., submitted).

Fluorescence photobleaching/photoactivation techniques

Dynamics and positioning of chromosomes during the cell cycle

cently tagged proteins in live cells. However, the complex cel-

In collaboration with Roland Eils' group (DKFZ, Heidelberg)

lular geometry and the presence of different functional

we had previously developed new tools for quantitative

species for each protein (i.e. bound and free in the simplest

analysis and reconstruction of 4-D imaging experiments

case) make the quantitative analysis of photobleaching

provide powerful tools to measure the dynamics of fluores-

(Gerlich et 01., 200 I). In the past year we have applied this

experiments difficult. In order to extract biophysical param-

experimental approach, combined with in vivo chromatin

eters of GFP-tagged NE proteins from fluorescence recov-

labeling by pattern bleaching to study when chromosomes

ery after photobleaching (FRAP), fluorescence depletion

are positioned to specific sites in the nucleus during the cell

(FLIP), photoactivation (PA) and pattern photobleaching

cycle. This question was prompted by several recent studies

experiments we therefore developed a computer simulation

that showed that both gene expression levels and the fre-

based on spatial kinetic models. With these models, we can

quency of chromosomal translocations correlate with non-

derive effective diffusion constants and rate-limiting steps in

random positioning of chromosomes inside the nucleus.

protein-protein interactions form the experimental data.The

Non-invasive labeling of chromosome subsets showed no

models can be adapted to the spatial distribution, abundance

global rearrangements in interphase. A striking order of

and the a priori knowledge about each protein.The comput-

chromosomes was observed throughout mitosis, in contrast

er simulations are built in the differential equation solver

to the random behavior predicted by a computer model of

Berkeley Madonna. Images from live cells are modeled as

chromosome dynamics. A quantitative assay for mitotic sin-

arrays of discrete elements and inhomogeneities between

gle chromosome positioning revealed strong similarities

elements are taken into account by weighting them with

between daughter and mother cells. These results demon-

their prebleach intensity. The simulation then uses coupled

strated that global chromosome positions are heritable

differential equations that allow exchange of molecules

through the cell cycle in mammalian cells. Based on tracking
of centromeres during chromosome segregation and exper-

between nearest neighbor elements. This exchange can be

imental perturbations of chromosomal order, we propose

governed by diffusion only, or additional parameters such as

that chromosome specific timing of sister chromatid separa-

association and dissociation rates of binding interactions. We

tion in anaphase can transmit chromosomal positions from

are currently using this simulation to study the association of

one cell generation to the next (Gerlich et 01., submitted).

chromatin proteins with chromosomes in interphase nuclei.
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Hsp90 family. Disruption of Hsp90 function, either by mutations in the Drosophila gene or by treatment of mammalian
cells with the Hsp90 inhibitor geldanamycin, results in abnormal centrosome separation and maturation, aberrant spindles and impaired chromosome segregation (Lange et 01.,
2000). These observations led to the hypothesis that Hsp90
may be required for the stability of one or more centrosomal proteins.We have found that one of these is Polo, a protein kinase known to regulate several aspects of cell division
including centrosome maturation and function. Inhibition of
Hsp90 results in the inactivation of Polo kinase activity. It
also leads to a loss in the ability of cytoplasmic extracts to
complement the failure of salt-stripped preparations of centrosomes to nucleate microtubules. This effect can be rescued upon addition of active recombinant Polo. We also
found that Polo and Hsp90 are part of a complex and conclude that stabilization of Polo is one of the mechanisms by
which Hsp90 contributes to the maintenance of functional
centrosomes (de Carcer et 01., 200 I).

The centrosome is the main microtubule organising center
(MTOC) in animal cells. MTOCs show a considerable degree
of morphological and functional variability during development. Such is the case of the centrosomes found during early
embryogenesis, the centrosomes of cell lineages which
divide asymmetrically and those found in the meiocytes of
both sexes. Moreover, MTOCs are not restricted to proliferating cells.Terminally differentiated cells also have complex
microtubular networks organised by MTOCs which are very
different from the centrosomes of dividing cells (Glover et
01., 1993; Gonzalez et 01., 1998; Bolivar et 01., 200 I; Belecz et
01., 200 I). This variability is the main reason for choosing a
multicellular organism as the model system for our work.We
expect that, on the one hand, all the MTOCs of an organism
will share essential components that provide the basic
microtubule nucleating and docking functions that are common to every MTOC. On the other hand, each of these
MTOCs will surely contain the specific gene products that
make them unique. Our work is largely based on Drosophila
melanogaster, an excellent eukaryotic model for cell and
molecular biology, as well as for genetic analysis (Gonzalez
and Glover, 1993).

We have extended our studies of the role of molecular chaperones in cell cycle control to CDC3? (Lange et 01., 2002).
Cdc3? is known as the protein kinase targeting subunit of
the Hsp90 complex.To determine the role of CDC3? during
cell division we studied the phenotype of CDC3? lack of
function in Drosophila.We found that CDC3? is required for
proper condensation and segregation of chromosomes,
anaphase B and cytokinesis. We have also been able to show
that these defects are at least partially due to inactivation of
Aurora B, a kinase required for cytokinesis in higher eukaryotes and whose stability, we have found to be dependent
upon the Cdc3?/Hsp90 complex. Our results may help to
explain the ability of CDC3? to act as an oncogene since failure of cytokinesis and chromosome missegregation contribute to chromosome instability in cells where CDC3?
function is perturbed.

Identification of new components of
the Drosophila centrosome: (I) A
biochemical approach
(Bodo Lange and Guillermo de Career)

The molecular characterization of the centrosome is still
very preliminary. In most systems, the few centrosomal
components known until now have been identified through
rather indirect approaches such as interaction with microtubules, genetic analysis or homology to the centrosomal
components of other species. To determine the molecular
composition of the centrosome of a higher eukaryote, we
are carrying out a systematic analysis, based on nano-electro-spray-tandem-mass spectrometry or MALDI mass spectrometry, of the polypeptides present in Drosophila centrosomes (in collaboration with Cellzome GmbH). To this aim
we have developed a protocol for the isolation of highly
enriched centrosome fractions from Drosophila embryos
(Lange and Gonzalez, 2000).

Identification of new centrosomal
components: (II) Protein traps
(Luis Bejarano, Hanne Varmark and 5alud
Llamazares)

Several Protein traps protocols have been recently reported
in higher eukaryotes (Reviewed in Gonzalez and Bejarano,
2000). Such traps are based on the visual screening of cells
transfected with expression libraries made of fusions
between random coding DNA sequences and a reporter, like

Chaperons and cell cycle control
One of the proteins identified in the centrosome-enriched
fractions is DmHsp83, a member of the highly conserved
33

EM BL Research Reports 2002

esis. Using this technique, it is possible to record both, the
overall morphology of the cell and its main compartments as
seen by phase contrast microscopy, and the individual behaviour of specific proteins labeled with florescent tags, such as
GFP (Rebollo and Gonzalez, 2002). This technique is being
used to study in detail the effect of different experimental
conditions on cell division. For instance, it has been instrumental to characterize cytokinesis failure in cdc37 mutant
cells (Lange et al., 2002). We have also used it to assess the
role of gamma-tubulin in spindle assembly in vivo, (Sampaio et
al., 200 I), and more recently, in collaboration with V. Barbosa
and D. Golver to study the 91 kDa component of the gammatubulin ring complex (Barbosa et al., 2002). We are currently exploiting this technique to examine the contribution of
centrosomes to spindle assembly in Drosophila spermatocytes (Rebollo and Gonzalez, in preparation).

green fluorescence protein (GFP). The cells that express
fusions with a DNA that encodes a protein targeting motif
can be identified by the subcellular localisation of the
reporter gene.The targeting DNA can then be cloned, either
directly from these cells or by repeated rounds of screening
and subdivision of library pools. The great advantage of protein trapping is that it identifies proteins using their localisation as the only criteria and, thus, it is not limited by the
drawbacks of subcellular fractionation or protein abundance
that apply to conventional protein purification approaches
(Bejarano and Gonzalez, 1999). Hanne Varmark has used a
protein trap technique that has been developed in the lab of
W Chia (Morin et al., 200 I).This method enables the screening of live flies and thus the identification of proteins whose
subcellular localisation is under developmental control. We
have generated a collection of several hundred GFP positive
lines that are now being sorted in terms of the subcellular
localisation of GFP and the tissue and stage of development
at which the fusion is expressed.

Computer-aided design of a PDZ
domain to recognise new target
sequences

Salud Llamazares and Hanne Varmark have used positional
cloning to clone asterless (as0 a gene thought to play an
essential role in organising the pericentriolar material. They
have mapped asl by P-element-induced male recombination
with a collection of P-elements whose insertion points have
been mapped by the Drosophila Genome Project. These
experiments narrowed the asl gene down to two predicted
genes. A transgene expressing one of these is able to rescue
all the phenotypic traits associated to mutation in asl. We
hope that the molecular characterisation of this gene, currently being carried out in our laboratory, will contribute to
our understanding of centrosome function.

PDZ domains are small globular domains that recognise the
last 4 to 7 amino-acids at the C-terminal end of target proteins. The specificity of the PDZ-ligand recognition is due to
side chain-side chain interactions as well as to the positioning of an alpha-helix involved in ligand binding. In collaboration with the group of Luis Serrano (Structural and
Computational Biology Programme, EMBL) and Cellzome
GmbH, we have made use of computer-aided protein design
to produce mutant versions of a Class-I PDZ domain that
bind to novel sequences (Reina et aI., 2002). These new target sequences can be either Class I, like the natural ligand of
the PDZ used, or Class II, thus showing the plasticity of these
domains. Such designed PDZ domains can bind their new
targets both in vitro and in vivo. Therefore, they may provide
an alternative to first antibodies in Western blotting, affinity
chromatography and pull-down experiments. Our results
suggest that by combining different backbone templates with
computer-aided protein design, it could be possible to engineer PDZ domains to specifically recognise a large number
of proteins.

The role of centrosomes In spindle
assembly in vivo
(Elena Rebollo and Hanne Varmark)

Direct visualisation is becoming mandatory to unravel the
complex processes that occur within the living cell.We have
developed new protocols that allow direct observation of
living spermatocytes as they progress through spermatogen-

Figure I. Mutations in the Cdc37 gene lead to failure of cytokinesis. Larval testis of D. melanogaster visualized by phase
microscopy. (A,C) control heterozygous (B,D) cdc37 homozygous.
(A,B) Onion stage. (C,D) Elongation. Phase-bright nuclei can be
seen attached phase-dark mitochondrial derivatives that in wildtype cells are fairly homogeneous in diameter shortly after meiosis (A,C), but elongate later on. Cdc37 mutant cells display multiple, unequally sized nuclei attached to a single mitochondrial
derivatives, a clear indication of cytokinesis failure in this system.
Scale bar = 25 J.lm
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Cell biology of the vaccinia virus
life-cycle

ER. Thus the 13L protein highlighted a specialized structure
that was bound to the ER and that contained the parental
DNA. These ER-associated, membrane-enriched structures
seem to function as sites which are specialised for viral DNA
replication (Welsch et 01., submitted).

From entry to DNA replication

For the past decade we have focussed on cell biological
aspects of vaccinia virus, the best characterised example of
the poxviruses, that include the closely related smallpox
virus.

We have also continued our efforts in understanding the
molecular details underlying the ER-recruitment and subsequent wrapping around the viral replication site. We have
characterized the gene product of E8R, a vv membrane protein with a potential role in the recruitment of ER cisterna
to the replication site (Tolonen et 01.,200 I). Consistent with
E8R having a role in binding the ER to the newly synthesized
viral DNA, we found that the protein is an ER resident protein that is able to bind to DNA in vitro (Doglio et 01., 2002).
Interestingly, we found that its DNA-binding property is
abolished by phosphorylation by a late viral kinase F IOLe We
have speculated therefore that unphosphorylated E8R made
early in infection mediates the recruitment of the ER to the
replication site. Upon phosphorylation by F IOL, late in infection the affinity of the ER for the replication site is lost consistent with the observation that late in infection the ER dissociates from the replication site (Doglio et 01., 2002). All in
all a striking analogy to the assembly and disassembly of the
nuclear envelope during the cell cycle is apparent. The other
molecule with a potential role in the wrapping process is the
gene product of A40L, that we have started to characterize
in detail. Although the protein predicts to have a trans-membrane domain, we found that it does not behave like a membrane protein in infected cells. The predicted molecular
weight of A40L is 18kDa, but in SDS-PAGE it migrates with
an apparent molecular weight of 36kDa. We have excluded
modifications like disulfide bond formation, glycosylation,
phosphorylation to account for this substantial increase in
molecular weight.The role of this protein in the ER-wrapping
event will eventually be tested making use of a novel in vitro
assay that reconstitutes the ER-wrapping process.

Under the supervision of Jacomine Krijnse Locker the vaccinia virus (vv) assembly group has recently addressed how
the early stages of the vv life cycle interact with the host cell.
We have been especially interested in learning how the the
host cell cytoskeleton and membranes contribute to the
processes of viral disassembly (during cell entry) and assembly. Massimo Mallardo, Nina Tolonen and Laura Doglio had
previously shown that the process of vv early transcription
occurs in close association with microtubules (MTs), while
vv cytoplasmic DNA replication requires the cellular endoplasmic reticulum (Mallardo et 01., 200 I;Tolonen et 01.,200 I).
In a continuation of these latter studies we have now studied the relationship between the cytoplasmic sites where the
vv early mRNA accumulate and the replication sites. We
found that these two structures were entirely different and
localized to entirely different locations within the cells' cytoplasm (Mallardo et 01., 2002). In a previous study we were
surprised to see that incoming vv cores, that carry the viral
genome appeared to associate with the ER (Pedersen et 01.,
2000). From the work of it now emerged that after uncoating of the core the parental DNA is delivered to the cytoplasmic side of the ER (Mallardo et 01., 2002). Thus, after they
cross the plasma membrane barrier, the viral cores associate
with the ER. This puts them in a strategically favourable position to deliver their (parental) DNA to the cytoplasmic side
of the ER, where the process of DNA-replication subsequentlyoccurs.
In a subsequent study, Sonja Welsch focussed on a viral protein of unknown function (gene 13L) that Sybille Schleich and
Jacomine Krijnse locker had identified by 2-D gels of isolated viral replication sites. It was found that before replication
has started, this protein collects into distinct cytoplasmic
spots. By characterizing these spots in more detail, we were
able to show that they represented specialized site where
the parental DNA collected after core uncoating. EM confirmed that these sites were intimately associated with the

The attenuated virus MVA
We have also continued our characterization of the attenuated vv strain modified virus Ankara (MVA), with potential in
vaccine development.This virus has the unique property that
its assembly is blocked in most cells and that the block of
assembly depends on the cell-type. Consequently we have
characterized the assembly block of MVA in detail in HeLa
cells the most commonly used cell-line of human origin
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(Sancho et al., 2002).We have found before that in HeLa cells
assembly is blocked at the stage of immature virion formation. We now found that these immature virions are efficiently secreted from the cell. Since these particles are not
infectious they are potential interesting vehicles to deliver
foreign antigens, exposed on their surface, to the extracellular medium or immune-system. Upon characterization of the
secretion of these particles we found that their secretion
from HeLa cells is more efficient than the secretion of extracellular viruses upon infection of HeLa cells with replication
competent vv strains. Furthermore, we found that a considerable number of these particles are apparently secreted
from HeLa cells by a budding process at the plasma membrane rather than being wrapped by TGN-membranes followed by fusion with the plasma membrane (Meiser et al., in
preparation).

Phagosomes - from latex beads to
mycobacteria
Phagocytosis is a crucial defence mechanism against invading
microorganisms. Although many cells can perform this function, it is first and foremost the role of the professional
phagocytes, the short-lived neutrophils, and the long-lived
macrophages. The essentials of phagocytosis can be reduced
to I) particle binding leading to uptake into a plasma membrane-derived de novo assembly of a membrane organelle,
the phagosome. 2) The presence of the single membrane
around the pathogen (or non-digestable material such as
asbestos) has profound consequences for both invader and
the host cell. 3) Phagosome maturation to the active, acidic
lysosomal enzyme-enriched phago-Iysosomal stage. If all goes
well the pathogen is killed.

Figure I. Hypothetical model to explain how actin filaments nucleated from the surface of a phagosome (sphere) and bound to membrane can 'attract' other, myosin bound organelles towards it. Since the barbed ends of actin are on, or close to the membrane surface,
the polarity of the filaments is such that any myosin bound to the organelles would carry its cargo (small spheres) towards the nucleating organelle in the presence of ATP. In a second phase (not shown) the double-headed myosin II is proposed to cross-link and slide the
filament bundles in opposite directions. This would also facilitate membrane organelle aggregation leading to docking and fusion. The thymosin beta-4 (TB4) is used in vitro to buffer the G-actin.
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Discovery of phagosomal membrane signalling
networks operating in vitro

Phagosome maturation is an exceedingly complex process in
which the organelle fuses sequentially with endocytic
organelles, first with the peripheral early endosomes, and
subsequently with the more centrally located late endosomes and Iysosomes. These fusion events are intimately
associated with two crucial cytoskeletal filaments, microtubles and actin. Phagosomes can move bi-directionally on
microtubules and can be seen to dynamically contact endocytic organelles: during these contacts it has been postulated that a dynamic 'kiss and run' fusion mechanism corrects.

Although only a single continuous biological membrane
around a (inert protein covered) bead, this membrane is
complex. Michael Desjardins, the postdoctoral fellow who
initiated this work in the early 90's and is now leading his
own group at the University of Montreal, has been involved
in a detailed proteomic analysis on
At present, this
group has identified close to 600 of the estimated total 1000
proteins present in the
We have focussed on the lipids
usingTLC, HPLC, and starting in 2002 mass spectrometry, in
collaboration with Britta Brugger and Felix Wieland
(University of Heidelberg). We tested the effects of a large
spectrum of lipids (incorporated into the LBP membrane) as
well as earlier effectors on their ability to assemble actin.We
distinguished two regimes of ATR low (0.2 mM) and high (5
mM). We found 22 different lipids or signalling enzymes that
regulated the in vitro process of LBP actin assembly. These
components either inhibit or stimulate the system and the
effects varied significantly between high and low
This
network could be analysed by a bioinformatic approach (see
below).

The function of actin in phagosome maturation is more complex and less easy to rationalise. Two different interactions
can be reconstituted in vitro, first the binding of phagosomes
to pre-formed F-actin, and secondly, the de novo, nucleation
and polymerisation of actin.We refer to the latter combined
process as actin assembly.We have been actively pursuing the
latter process for over four years (see below). As well as
searching for the elusive link between actin assembly and
membrane fusion. This work has led to the following model
(Figure I). The clear prediction of this model is that the
growth of actin from phagosome is a means to facilitate coalescence, and ultimately fusion of phagosomes with late
endosomes and Iysosomes.

Non-pathogenic mycobacterial phagosomes
behave like LBP

Even the simplest bacterial pathogen must be considered a
highly complex and highly evolved organism. Although
pathogens invariably have a smaller genome than their
eukaryotic host cells, it must be appreciated that the overall
life expectations of the pathogen are far simpler. Its goals are
to survive, grow, reproduce and disseminate itself? In fact a
large number of pathogens are so successful that they cause
tremendous suffering for humans and animals. Mycobacteria
are now considered the number one bacterial pathogen of
humans and only HIV causes more mortality worldwide.
According to the WHO, between 2 and 3 million people die
every year from M. tuberculosis (M. tb).While close to a staggering one-third of the world's population carries the
pathogen, moreover, M. tb is not alone. The ability of M. leprae to cause leprosy is legendary and hundreds of thousands
are still infected worldwide. Moreover, M. avium, which originated in birds, is now challenging M. tb for being the most
serious secondary infecting organism of HIV patients. For
the past decade we have developed an in vitro phagosome
system using latex beads.These are taken up by microphages
and can be easily isolated with a continuous membrane
around them. In vitro assays have been developed to study the
processes of fusion, of phagosomes with endosomes and
Iysosomes, their binding to microtubules, their bi-directional
motility on microtubules and their interaction with actin.
Two different actin interactions have been monitored. First
the binding of phagosomes to pre-formed F-actin (AI haddad
et al., 200 I) and secondly, the assembly of actin (Defacque et
al., 2000). This work has lead to the model linking actin infusion shown in Figure I (from Kjeken et al., 2003).

Starting in 200 I we benefited greatly from two visitors who
are microbiologists: Elsa Anes (University of Portugal) and
Mark Kuehnel (originally University of Hannover, now a
post-doc in our group) brought the technology we needed
to work on mycobacteria. Much was known about
Mycobacterial phagosomes before we started our analysis. It
was clear that non-pathogenic bacteria, or killed pathogenic
mycobacteria behave essentially like latex beads in terms of
phagosome saturation. However, since these bacteria are
degradable, in contrast to latex beads, they are completely
digested by the phagosome. However, the presence in the
phagosome of a pathogenic variety of mycobacteria such as
M. tb or M. avium has a profound effect on phagosome maturation. These phagosomes fail to mature properly and to
maintain a state which is usually considered to be early
endosome-like. These phagosomes do not fuse sufficiently
with late endosomes and Iysosomes, and this has two consequences. First they fail to acquire the full load of the proton ATPase and second they fail to acquire the normal load
of hydrolases which are normally involved in degrading the
pathogen.
Mark and Elsa first isolated phagosomes containing either a)
live M. smegmatis (a non-pathogen), or b) killed M. avium (the
pathogen). When these phagosomes were subjected to the
actin assembly assay, it was remarkable how similar their
response was to a large number of effectors in terms of actin
assembly. The membrane signalling networks regulating actin
assembly in the membrane of LBP seem to be in a very similar condition in the membrane of the phagosomes around
the non-pathogen. In contrast, when the phagosome contained a live pathogen, either M. tb or M. avium, we were surprised to see that actin assembly was essentially completely
blocked. This phenomenon was also seen in infected
macrophages. The model shown in Figure I, opened up an

In 2002, we continued to apply the knowledge and experience gained from the LBP system to the analysis of the
micobacterial phagosomes. The first stage of this analysis is
now complete and will be described here step by step.
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Morever, inhibitors of enzymes predicted to operate in specific modes could inhibit the ability of these modes to stimulate phagosomal actin asembly.

interesting possibility. If ways could be found to activate actin
assembly around the pathogenic micobacterial phagosome, it
might be possible to activate the fusion of these phagosomes
with late endocytic organelles. Our empirical findings with
some lipids opened up experimental possibilities, but it was
the use of the novel bioinformatic approaches that allowed us
to put this analysis on a firm foundation.

The combined theoretical/experimental approach we have
used has led to a new approach that has therapeutic against
intracellular pathogenic mycobacteria.

The use of lipids to stimulate
macrophage defences against
mycobacteria

Bioinformatic analysis: reading membrane
signalling networks
Our analysis of the different effects of lipids and other signalling molecules regulating the membrane-dependent assembly of actin by latex bead, and mycobacterial phagosomes
were leading us to more and more complexity. Simple, intuitive interpretations were clearly out of the question when
faced with such data. A highly fortuitous meeting with
Thomas Dandekar (EMBL and University of Wuerzburg)
opened up new avenues. In close collaboration with his colleague, Stefan Schuster (Max Delbruck Center, Berlin),
Dandekar has pioneered a novel method to investigate the
flux through biochemical networks. This method, known as
elementary mode analysis (Schuster et 01., 2000), provides a
way to delineate the stable, equilibrium flux modes through
complex metabolic or signalling networks.The analysis of our
22-components network regulating actin assembly in the
phagosomal membrane, by this approach lead to over 100
predictions about equilibrium biochemical pathways in the
membrane. Amongst these predictions were 14 that were
very surprising. These modes predicted reactions that would
provide for the synthesis of ATP on the phagosomal membrane. These reactions predicted that kinases operating in
reverse could provide a supply of ATP locally on the phagosomal membrane. Although we have not yet provided direct
evidence for this phenomenon we have accumulated different
data that are consistent with this notion (Kuehnel et 01., in
preparation).

The model presented in Figure I predicts that actin assembled by phagosomes can provide tracks for late endosomes
and Iysosomes to move towards the phagosome to induce
fusion. The phagosomes containing pathogenic mycobacteria
are inhibited in actin assembly, in fusion with Iysosomes and in
the ability to acidify their lumen.The clear prediction from Fig
I is that the addition of lipids to macrophages that can activate phagosome actin assembly would also switch on phagosome- lysosome fusion, which would increase the levels of
acid hydrolases. This would also, as a consequence, facilitate
the transfer the proton ATPase from late endocytic organelles
to phagosomes and lower their pH. If so, one would expect
an increased killing of intra-phagosomal pathogens.
Our recent results fully support this scenario;The addition of
seven lipids could activate actin assembly in vitro, and, when
added to infected cells, in cells they also led to an increase in
phagosomal fusion with lysosomes and, importantly for this
proposal, also led to a lowering of phagosomal pH. These,
mostly pro-inflammatory lipids thus led to a general activation
of phagosome maturation, leading to increased killing of
pathogens. In contrast, a lipid that inhibits actin nucleation by
phagosomes, diacylglycerol, had no effect on phagosome maturation or on pathogen killing whereas the addition of the
anti-inflammatory omega-3 unsaturated fatty acids (prominent in fish oils) actually increased pathogen growth (Bos et
01., submitted). The possibility of using the pro-inflammatory
lipids in the diet offers the potential for an alternative therapeutic approach to antibiotics and vaccines. It also provides
the first defined membrane organelle system whose membrane signalling networks have been shown to be active in
vitro, and accessible to a holistic analysis. Since the same seven
lipids that stimulated actin assembly also stimulated the fusion
with Iysosomes and the lowering of pH it supports the
hypothesis that the signalling networks regulating these functionally distinct processes must be inter-linked (Anes et 01.,
2003).

We have tested a large number of predictions emerging form
the elementary mode analysis and, until now, all the predictions could be experimentally verified. When the substrates
from ix of the elementary modes (series of reactions) predicting the production of ATP were tested all were found to
stimulate LBP and mycobacterial phagosome assembly. New
effectors of membrane-dependent actin assembly, such as
sphingomyelin and CDP-choline were identified. Predicted
products of the elementary modes could be identified by
means of HPLC (in collaboration with Vladimir Rybin,
Cellzome) and mass-spectrometry (in collaboration with
Britta Brugger and Felix Wieland, University of Heidelberg).
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meiotic transitions. The process starts during meiosis I. Socalled precursor membranes, vesicles of homogenous size of
about 70 nm, are formed. These vesicles then acquire specific proteins from the cytoplasm, which results in the formation of vesicle clusters. These clusters become attached to
the yeast spindle pole bodies (SPBs).With the onset of meiosis II, four SPBs exist, all of which have acquired precursor
membranes. Fusion of these vesicles to continuous membranes, one per SPB, and subsequent enlargement of these
membranes into bell shaped prospore membranes then
occurs.This membrane formation process is relatively simple
nonetheless it exhibits all characteristics of exocytosis. This
simplicity and the background of a genetically accessible
organism allow the investigation of protein functions during
membrane biogenesis in a straightforward manner.
Phenotypic observations can be linked more directly to the
particular function of a protein, and hypothesis driven investigations can be combined with genetic screens. In particular,
the shaping of the PSM is a very sensitive and tightly balanced
process that reacts very sensitive to alterations, thus it provides unique opportunities to get insights in the underlying
membrane mechanistic aspects.

The ability of a cell to response properly to environmental
changes is pivotal for a single organism, but also for a whole
species as such to survive and to be competitive in its environment. Environmental changes always cause stress, since
the given state of a cell does never entirely match the challenge of a new situation.Therefore receptors exist that monitor key parameters and subsequently transmit signals,
which, upon being processed, lead to the induction of cellular differentiation processes. Such processes can lead to only
slight variations in the gene expression pattern, or can cause
dramatic cellular differentiation changes.
Our group uses the versatile small yeast Saccharomyces cerevisiae, better known as baker's yeast, to study the dramatic
differentiation process that takes place when the cell undergoes the meiotic type of cell division. This process, named
sporulation, takes place in diploid cells under nitrogen starvation conditions and leads to the formation of four
gametes, called spores.
The meiotic cell cycle in yeast is, as in all eukaryotic cells, the
sexual reproduction cycle, but it is only induced under conditions that do not allow the further mitotic propagation of
the cells.Thus, it is designed to form progenies for long-term
survival under environmental stress. Initiation of meiosis
leads to dramatic changes in the gene expression program.
Waves of gene up- and down- regulation follow each other
and drive the cell trough the different stages of meiosis and
cell differentiation. First, the genes associated with metabolic changes become up regulated, followed by genes involved
in turnover of cellular contents, e.g. by selective proteolysis
and bulk turn-over (autophagocytosis). These changes are
essential to liberate the energy resources required to complete the sporulation process. Then, pre-meiotic DNA replication, followed by recombination and the two meiotic
rounds of chromosome segregation, occur. This finally leads
to the formation of four haploid nuclei. In yeast, the chromosome segregation processes take place within the intact
nuclear envelope. At the end, the haploid nuclei are formed
by nuclear fission. Concomitantly, the cytoplasmic events
take place that form the future encapsulations of the meiotic progeny, the plasma membranes and the spore walls. All
these processes occur within the boundaries of the starting
cell and lead to the intracellular formation of four new cells.

Specific proteins are involved in
prospore membrane biogenesis
We have identified a set of proteins that are specifically
required for the biogenesis of the PSMs. A set of proteins is
specific to the precursor membranes and aids the clustering
of the vesicles and the binding of vesicle clusters to the SPBs.
Most likely, some of these components are also involved in
regulation of membrane fusion. Early in meiosis II, the SPB
acquires a specific structure, called the meiotic plaque, which
forms a domed scaffold of about 300 nm in diameter on top
of the core of the SPB. It contains a set of meiosis specific
proteins.

Function of the spindle pole body
during meiosis
Our results indicate, that the meiotic plaque of the SPB
serves a number of distinct functions. First, it is required for
the transport of precursor membranes to the SPB. The
mechanism how precursor membranes are transported to
the SPBs is currently under investigation. Our recent results
indicate that active but also passive (Brownian movement
driven) transport contributes to it.

Our interests in the meiotic cell differentiation focuses, at
the moment, on the regulation of the assembly of the plasma membranes of the spores. These membranes, termed
prospore membranes (PSMs) are formed de novo during the
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Upon binding to the SPB, the vesicles fuse, again in dependency on the meiotic plaque, and form a flattened membrane
pouch. It seems that membrane formation occurs by a homotypic membrane fusion event and that this can only occur at
the meiotic plaque, while membrane fusion in unattached
vesicle clusters is inhibited. Thereafter, the newly formed PSM
becomes enlarged and more vesicles are targeted to the PSM.
Thereby the PSM remains anchored to the nuclear envelope
via the meiotic plaque of the SPB. Upon completion of PSM
biogenesis, after the cell has completed post-meiotic cytokinesis, the meiotic plaque becomes disassembled.This leads to
the release of the nucleus in the cytoplasm of the new cell,
the spore.

reaches out through the cytoplasm around the underlying
nuclear membrane. Although the PSM never appears to contact the nuclear membrane, it seems to 'know' where it is.
This mysterious behaviour is currently a major focus of our
work. So
we know, that two major opposing forces act on
the membrane. One force bends the membrane towards the
nucleus, while the other force counteracts this and prevents
the PSM from completely and untimely wrapping of the nucleus. While we have some understanding on how the latter
force is generated (Moreno-Borchart et 01., 200 I) the mechanism(s) that contribute to the bending force remain not
understood. From recent result we can,
involvement of known filament proteins.

Prospore membrane formation

exclude the

Timing of membrane formation

Initiation of prospore membrane formation is restricted to
the meiotic plaques of the SPBs.We are interested in how this
is achieved. Current work in progress suggests, that specific
proteins regulate the membrane fusion machinery in a way,
that vesicle fusion in the cytoplasm is inhibited. Additional
proteins then are required to promote fusion at the meiotic
plaque.The data suggest, that this is a homotypic fusion event
that takes place once per SPB and involves only a limited
number of vesicles. Further growth of the membranes then
occurs through a switch to heterotypic vesicle fusion. This
switch seems to be promoted by specific factors.

Prospore membrane formation is tightly linked to the events
of the meiotic cell cycle. There seem to be two key events of
PSM formation that are subject to cell cycle control. First, initiation of PSM formation does only occur when the cell has
entered meiosis II. Secondly, closure of the PSMs, which seems
to occur in an acto-myosin independent manner, does only
take place after completion of nuclear fission. We do not
understand at the moment, how vesicle fusion at the SPBs is
coordinated with the meiotic cell cycle. Closure of prospore
membrane formation, on the other hand, seems to relay on

One aspect of prospore membrane formation is of special
interest to us. This is the shaping of the membrane into a bell
shaped structure, which emanates from the meiotic SPB and

the regulated disassembly of a proteinaqueous coat at the
opening of the prospore membranes.

Publications during the year
Knop, M., Barr, E, Riedel, C.G., Heckel, T. & Reichel, C. (2002).
Improved version of the red fluorescent protein
(drFP583/DsRed/RFP). Biotechniques, 33, 592, 594, 596-592,
8 passim

Other references
Maekawa, H., Usui,T., Knop, M. & Schiebel, E. (2003).Yeast
Cdk I translocates to the plus end of cytoplasmic microtubules to regulate bud cortex interactions. EMBO J., 22,
438-449
Moreno-Borchart,A.C., Strasser, K., Finkbeiner, M.G.,
Shevchenko, A., Shevchenko, A. & Knop, M. (200 I). Prospore
membrane formation linked to the leading edge protein
(LEP) coat assembly. EMBO j., 20, 6946-69578
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Organization of the mitotic spindle
Team leader:
Visitors:

Nedelec*
Essyllt Louarn, Olivier Francois
* indicates part of the year only
Hideki Yokoyama, we developed a semi-automatic analysis of
fluorescence micrographs of microtubule asters, allowing
him to easily follow the activity of a factor that stabilizes
microtubules, and ultimately to purify this factor. Olivier
Francois spent three months in the lab. He developed an
assay to measure the gliding speed of microtubules in
Xenopus egg extracts. He confirmed that the minus-end
directed motion is due to the motor dynein. Next, he studied how the speed of dynein was affected by addition of the
small GTPase Ran, to see how molecular motors might be
regulated during the cell cycle. Together with Maiwen
Caudron, we calculated the gradient of phosophorylation of
Ran expected around chromosomes. Simulations were used
to study the interaction of two asters mediated by diffusible
oligomeric motors (Nedelec, 2002). The program was made
openly available to the scientific community via the Internet,
together with the online tutorial and necessary instructions
(www.embl-heidelberg.de/Externallnfo/nedelec). The program has been extended to include chromosomes, and these
additions are now being tested.

The mitotic spindle in eukaryotic cell segregates the chromosomes into two equal pools. Spindles are self-organized
structures (E Nedelec et 01., 2003) whose apparent stability
relies on continual and stochastic interactions at the molecular level. Spindles are complex structures; furthermore their
composition and characteristics present important variations from species to species. We are developing physical
models to study the spindle and more generally the generic
properties of cytoskeletal filaments and associated protein.
To get the quantitative information needed for this task, we
have started to better characterize some of the elements
participating in the mitotic structures, such as microtubules,
associated motor proteins or global mitotic regulators.
In collaboration with Fabien Gerbal and Olivier Cardoso
(Paris), we started to image dynamic microtubules using
dark-field microscopy. The movies can be automatically
analysed to yield quantitative experimental characterization
of microtubule's dynamic instability. Essyllt Louarn joined this
effort for her summer practical, and studied the effect of the
motor XKLIP-I on microtubule's dynamics. Together with

Publications during the year
Nedelec, E (2002). Computer simulations reveal motor
properties generating stable anti-parallel microtubule interactions. J. Cell BioI. 158, I005- I0 I5

Other references
Nedelec, E, SurreyT. & Karsenti, E. (2003). Self-organization
and forces in the microtubule cytoskeleton. Curro Opin. Cell
BioI., 15, I 18-124
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Understanding the secretory pathway
Group leader:
Postdoctoral fellows:
Visitors:

Tommy Nilsson
Markus Grabenbauer*, Hitoshi Hashimoto,joke Ouwendijk,Anne-jacqueline Relova*,
Matthias Weiss
Dan Cassel, Vitor Lino de Sousa, Markus Elsner,johan Hiding, Roland Hofweber, Fredrik
Kartberg, Frederic Laporte, Brian Storrie, George Vasilaris, Hans Wandall
*Indicates part of the year only

processes do not exist in total isolation but rather, share
common components and space. Consequently, they will
affect each other. In our group, we look at several sub-systems such as protein diffusion, sorting, recycling and membrane mobility along the cytoskeleton.We combine classical
in vivo and in vitro approaches with computer modelling as a
way to explore multi parameter space in time- and spatially
resolved- simulations.

Glycosylation provides a wide repertoire of possible modifications to be used in cell-to cell communication. These are
added to both proteins and lipids before presented on the
cell surface or secreted into the extracellular space. Most
glycosylation processing takes place in the secretory pathway i.e. the endoplasmic reticulum (ER) and Golgi apparatus.
The final configuration of a given oligosaccharide is determined by which enzymes are present, at what concentrations and at what activity. As there are more than two hundred different processing enzymes, many expressed by the
same cell, it is difficult to see how fidelity in glycosylation can
be ensured.This problem is compounded by the fact that the
entire pathway is in a constant flux where membranes and
proteins move in opposite directions, each compartment
continuously exchanging its content. The challenge for us is
to understand how a system such as the secretory pathway
(i.e. the Golgi apparatus) can function the way it does, how
it is able to execute different cellular processes such as glycosylation, phosphorylation, polypeptide processing, secretion and sorting in a seemingly chaotic setting.To do this, we
first need to take a few steps back.

Membrane diffusion
nano meter levels?

interactions at

(Markus Elsner, Hitoshi Hashimoto and Matthias
Weiss)
Since about three years we have been using an alternative
technique, called Fluorescence Correlation Spectroscopy
(FCS), to gain insight in protein dynamics in the ER and the
Golgi apparatus. In contrast to FRAR FCS is a completely
non-invasive technique which simply counts the number of
proteins diffusing through a tiny confocal volume of less than
a femtoliter. In FCS, one monitors the time course of the
fluctuations in the fluorescence which are caused by the
erratic movement of GFP-tagged proteins moving in and out
of the focus. Amazingly, this approach even works with well
with concentrations in the nanomolar range and is therefore
a real single molecule technique for living cells. While FCS
had been applied successfully already to a number of problems in vitro, e.g. measuring chemical kinetics or binding affinities, the use in vivo has been (and still is) more challenging.
As FCS is a very sensitive technique, the data acquisition in
vivo often suffers from distortions due to unwanted traffic of
cellular structures like vesicles. This problem is especially
prominent when monitoring the diffusional motion of membrane proteins in biological membranes which themselves
are highly dynamic and rarely flat and smooth. One of us (M.
Weiss) was able to show with computer simulations that the
error in the estimated mobility of membrane proteins due
to the complex membrane structure can be up to an order
in magnitude! Why then do we bother with FCS at all?

First consider the meaning of a biological system. It is tempting to think of a biological system much as we think of a
mechanical device, for example a watch, where components
are assembled nicely together working together to tell the
time. This analogy, however, is limited in one important
aspect. Everyone knows that if you take a watch apart and
then mix the parts together, they are unlikely to assemble
into a watch by themselves (unless you are extremely lucky).
A biological system such as the secretory pathway, however,
appears to be able to do this.The consequence of this is that
a biological system and the processes which are contained
within, must arise from a collective sum of its molecular
activities. This is not a trivial point but rather, has major consequences for how we approach biology in that there cannot exist an "a priory" design. Rather, processes evolve as a
consequence of molecular communications. From this, it
becomes clear that the same set of molecules may give rise
to different processes and a good example for this is the
small GTPase,ARF-I, which recruits the COPI coat to Golgi
membranes, stimulate phospholipase D as well as PIP2
kinase, all three seemingly unrelated processes. With multiple components and so many processes, how do one then
approach biological systems experimentally? As of yet, the
only practical way is to break it down (here the secretory
pathway) into sub-systems (processes) and then elucidate
how each one work. This comes with some risk as different

The immediate reason for us to use FCS is based on a recent
discovery of ours which is that Golgi resident proteins do
not diffuse but rather move sub-diffusively. We have developed FCS in such a way that we can measure the degree of
sub-diffusiveness directly. We have found that the degree of
sub-diffusion depends on the particular protein we monitor
rather than the location (endoplasmic reticulum or Golgi
apparatus). This kind of motion is qualitatively slower than
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Molecular characterisation of COPIindependent recycling

the usual Brownian motion as in sub-diffusion, the diffusion
coefficient decreases with time. This happens, for example,
when a protein is transiently participating in larger oligomer-

ljoanne Young, Rainer Pepperkok)

ic complexes or raft-like domains where it is slowed down

The process whereby the Golgi apparatus maintains its juxta
nuclear position close to the MTOC is an ongoing focus.
Upon over-expression of pSO, a component of the
dynein/dynactin motor complex, the central Golgi apparatus
gradually redistributes to multiple peripheral sites showing
that dynein/dynactin is essential for juxta nuclear positioning.
Such a gradual disappearance is also observed upon addition
of nocodazole. Formation of peripheral Golgi stacks is the
consequence of a molecular deconstruction of central Golgi
stacks and the gradual recycling of its components directly
from the trans cisternae to the ER. These studies have highlighted the self-generating ability of the Golgi stack and
revealed a novel COPI-independent recycling pathway. The
mechanism whereby Golgi material is recycled through the
ER is still very sketchy. In collaboration with Rainer
Pepperkok, we are monitoring the activities of various rab
proteins such as rab6 A and A', rab33b and their effectors.

or even halted. Due to these 'rests' between free diffusional
motion, the mean square displacement of the protein's position does not grow linearly any more. A consequence of this
are reduced reaction rates as the encountering rates of reaction partners on the membrane are dramatically reduced. It
is tempting to assume that this also has an impact on the
sorting and segregation of proteins in the Golgi apparatus.
Currently, we test the role of the membrane spanning
domain by monitoring specifically mutated proteins.We also
test the influence of energy consumption on the membrane
which may prevent the diffusing proteins to reach a thermal
equilibrium. To improve our tools for studying protein
dynamics in vivo, we are also building a new multi-photon
FCS in the laboratory. It will not only provide us with a better resolution, but will also enable us to reliably measure
affinities in living cells.
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Figure I. Newly synthesized proteins leave the ER via COPII vesicles which bud off from a hundred or so peripheral ER exit sites. This
is followed by transport to the central and juxtanuclear collection of a hundred or so Golgi stacks termed the Golgi apparatus. Here,
newly synthesized proteins receive modifications such as glycosylation while moving from the cis to the trans side. Anterograde transport
is balanced by retrograde transport of Golgi resident proteins and lipids to keep the Golgi stack in a dynamic equilibrium. Cisternal carriers assemble through lateral fusion of uncoated, COPI and II vesicles. Over time, cisternal carriers receive resident proteins such as glycosylation enzymes acting on the cargo. After a brief period of time, residents proteins are sorted into COPI vesicles which deliver these
to an earlier and cisternal carrier. At the trans side, the cisternal carrier disassembles, releasing the cargo for the plasma membrane or
the endocytic pathway. Note the gradient-like distributions of each of the resident proteins.
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Figure 2. GTP hydrolysis driven sorting coupled with ARFGAP I modulation. The model is divided into 4 steps from left to right and then
from bottom to top. In I: GDP bound to ARF -I attached to the membrane is replaced with GTP by ARF-I GEF (Guanine Exchange Factor).
Cytosolic coatomer binds ARF-I GTP but is quickly released upon GTP hydrolysis by Arf-I. This step requires ARFGAP I and is denoted in
green as having a high activity (HA) on ARF-I. Resident cargo proteins bind coatomer directly through cytoplasmic domain motifs (e.g.

K(X)KXX). In order for coatomer to capture resident proteins, coatomer needs first be released from the membrane. This "sorting step"
requires GTP hydrolysis by ARF-I (Lanoix et aI., 1999). If resident cargo proteins are in addition induced to cluster (Weiss and Nilsson,
2000), coatomer is predicted to bind more strongly thus favoring these over other resident proteins. In II:The activity ofARFGAPI is downmodulated by captured resident cargo proteins. The rate of GTP hydrolysis by ARF-I is as a consequence, slowed down enabling coatomer
to remain on the membrane. The presence of resident cargo proteins promotes polymerization of the coat leading up to vesicle formation and budding (III). Though down-modulated in its activity, residual ARFGAP I activity will permit ARF-I to hydrolyze its GTP and
coatomer is released back into the cytosol. For simplicity, the release of coatomer, ARF-I and ARFGAP I from the vesicle is shown as one
event.

Transport through the secretory
pathway: A consequence of cisternal
maturation?

also between the processing enzymes themselves. As such,
some enzymes exist early in the pathway, some in the middle and some late, each displaying unique gradient-like distributions. How is this possible at the mechanistic level?

(Fredrik Kartberg,johan Hiding and Anne-jacqueline
Relova)

Sorting of resident Golgi proteins
into COPI vesicles is an active
process

After exiting the ER via COPII vesicles (see Figure I), newly
synthesised proteins and lipids remain in membrane bound
cisternae which mature in a cis to trans direction.
Throughout, cisternal cargo encounters processing enzymes
that move in the retrograde direction via COPI vesicles (see
Figure I). Some recycling of resident proteins also takes
place through direct access of trans cisternae with the ER via
a COPI-independent route.

By reconstituting the formation of COPI vesicles using highly purified rat liver Golgi membranes and rat liver cytosol,
we could demonstrate that glycosylation enzymes are actively sorted in a GTP hydrolysis dependent manner. The
GTPase responsible for sorting was identified as arf-I linking
this protein directly to protein sorting (Lanoix et al., 1999).
Building on this, we have now found evidence for more than
one population of COPI vesicles (Lanoix et al., 200 I) Our
findings suggests a direct role for COPI vesicles in transporting resident proteins and we show that whereas anterograde cargo is not concentrated, resident Golgi proteins are,

To enable processing enzymes to remain in the pathway
through recycling, these enzymes must be sorted away from
the newly synthesised (anterograde) material. This sorting
machinery is not only efficient in its ability to discriminate
between anterograde material and processing enzymes but
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absence of sufficient cargo is followed by rapid rebinding so
that cargo in the periphery is attracted through their ability
to interact directly with coatomer creating a sinkhole for
cargo molecules. This model ensures that only when sufficient amounts of cargo molecules are present will a vesicle
form and it also shows how GTP hydrolysis mediates cargo
sorting at the mechanistic level.

sometimes up to 10 times over that of the cisternal membrane. At present, we are trying to understand how ARF-I
through GTP hydrolysis can mediate protein sorting and
concentration, both through experimental approaches as
well as computer modelling and simulation. Incorporating
existing knowledge of the molecules involved, our model
reveals a dynamic sorting process which not only explains
the need for GTP hydrolysis by ARF-I but also, how the cell
ensures that only vesicles occupied by resident proteins may
bud whereas empty vesicles can not.The model presented in
Figure 2 extends the one presented previously (Lanoix et 01.,
1999) by linking cargo concentration directly to vesicle formation. The model proposed postulates that the presence of
cargo modulates ARF-I hydrolysis through ARFGAP so that
coatomer can remain sufficiently long on the membrane to
allow for vesicle formation. The ARF-I mediated release of
coatomer from the membrane upon GTP hydrolysis in the

Based on these consideration, we recently formulated a
kinetic proofreading scheme which is capable of explaining
the very high precision of protein sorting into COPI vesicles
(Weiss and Nilsson, 2003). In particular, the model resolves
the riddle how the GTP driven release of COPI proteins
from the membrane can promote sorting. This approach is
so far the only one which can quantitatively explain the link
between the segregation of proteins and the formation of
COPI vesicles and gave rise to several predictions which are
currently addressed with multi-photon FCS.

Valsdottir, R., Hashimoto, H.,Ashman, K., Koda, T., Storrie, B.
& Nilsson, T. (200 I). Identification of rabaptin-5, rabex-5, and
GM 130 as putative effectors of rab33b, a regulator of retrograde traffic between the Golgi apparatus and ER. FEBS
Lett., 508, 201-209
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Advanced Light Microscopy Facility and membrane
traffic in the secretory pathway
Team leader:
Postdoctoral fellows:
PhD students:
Technician:
Scientific assistants:
Engineer:
Visitors:

Rainer Pepperkok
Holger Erffe,Andreas Girod, Kota Miura, Emmanuel Reynaud,jeremy Simpson, Vytaute
Starkuviene,joanne Young
Rebecca Forster, Vibor Laketa*, Veronika Neubrand
Brigitte joggerst-Thomalla
lens RietdortTimo Zimmermann
Urban Liebel
Houchaima Ben Tekaya, Luca Crimaldi,Adeline Giganti, Kerstin Glaeser,josefina Hidalgo, Daniel
Marcellino,john McLauchlan, Lindsay Murrells,jiirgen Rybak, Vanessa Schubert, Annette Taylor,
Fatima Verissimo, Peter Watson, Stefan Wilms, Barnaby Young
*Indicates part of the year only

Techniques currently available

The Advanced Light Microscopy Facility (ALMF) at the
EMBL-Heidelberg, is a service unit offering advanced light
microscopy techniques to scientists at EMBL and visitors.We
develop and maintain the equipment in collaboration with
our industrial partners, teach and offer support to users.

See also:
www.EMBLHeidelberg.DE/Externallnfo/almf/index.html
Presently the equipment available in the ALMF covers the
following techniques: confocal laser scanning microscopy,
spinning disk "realtime"-confocal microscopy, fast, multicolor 3D time-lapse microscopy, total internal reflection fluorescence microscopy (TI RF), fluorescence correlation spectroscopy (FCS), high content screening microscopy.
Computer stations with software packages for the tracking
of fluorescent structures in time-series, 3D reconstruction
and deconvolution of image data and the quantification of
fluorescence are also available. We have further increased
our macro packages for the automated image acquisition and
subsequent analysis in order to facilitate protocols for
Fluorescence Recovery After Photobleaching (FRAP), photoactivation or the measurement of Fluorescence Resonance Energy Transfer (FRET).

Our research focuses on the spatial and temporal regulation
of membrane traffic and organelle biogenesis in the secretory pathway. To this end we develop and apply systematically
cell based, microscopy techniques to identify and characterize novel molecular networks operating in the early and late
secretory

Advanced Light Microscopy Facility
(ALMF)
The usage of the facility equipment has almost doubled in
2002 compared to 200 I and the total booking of the microscopes has now been 16,300 h. About 25% of this time has
been allocated to visitors of the facility.

Spectral imaging and linear un-mixing

A very important aspect of our work is the teaching of
advanced light microscopy techniques and their applications
to young scientists not experienced in the field.

During the last year we have introduced the concept of
spectral imaging and linear un-mixing to a variety of our
microscopes. This is a technique to separate the emitted fluorescence of two or more fluorophores, which has several
advantages to common methods e.g. those involving glass filters. In a first step, reference spectra of the fluorophores in
use are recorded and the relative contribution to each ,spectrally distinct detection channel is determined. Secondly,
images of the sample under investigation are acquired in parallel and the reference spectra are subsequently used to
determine the contribution of the individual fluorophores to
each, detection channel. The sum of the detection channels
aims to cover the entire emission of the fluorophores and
therefore, one advantage of this method is that most of the
fluorescence emitted by the fluorophores is collected.This is
in contrast to common detection methods used for separating the emitted fluorescence by two or more fluorophores involving e.g. glass filters, which is always accompanied by significant (even up to 80% in difficult cases) losses

We have organized during the past year two EMBO courses
on "Light microscopy of live specimens." One took place at
EMBL Heidelberg (in collaboration with Ernst Stelzer's
group); the second course was held at the Kansai Andvanced
Research Center in Kobe, Japan (in collaboration with
Philippe Bastiaens, EMBL andYasushi Hiraoka, Kobe) and was
co-sponsored by the EM BO World Programme and the AsiaPacific IMBN. We have also organized two courses at the
EMBL in Heidelberg on capillary microinjection and timelapse microscopy in collaboration with our industrial partners.
As in the past years theALMF offered in 2002 in total 16 EUfunded short-term fellowships, for scientists outside EMBL,
to carry out research projects that require microscopy
equipment of the ALMG which is not available at the visitor's
home institute.
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of signal. Another advantage of spectral imaging is that it can
be successfully applied to fluorophores, which have highly
over-lapping emission spectra (for example GFP and YFR or
Alexa 488 and GFP).Therefore, this detection method offers
significantly higher sensitivity and flexibility compared to
conventional detection methods, which is critical for the
work with living samples. We have developed protocols and
software routines that require only as many detection channels as there are fluorophores to be separated. They can be
used on most microscopes (confocal and wide field) in the
facility without modifications of the existing instrument.

staining of cells, multi-color imaging and analyses of samples
in 96 well plates or related formats. The system was applied
to our large scale genome project in collaboration with
Annemarie Poustka and Stefan Wiemann at the DKFZ in
Heidelberg, which aims at the systematic localization and
functional characterization of novel proteins as they are
identified in genome sequencing projects worldwide. An
important achievement during the year was the completion
and application of automated image analyses packages for
assays addressing the function of the novel proteins in plasma membrane transport of apical and basolateral markers,
cell cycle progression and apoptosis. The development of
automated analyses packages for assays probing Golgi morphology and microtubule dynamics have been started and
will be completed early in 2003. We have also developed a
web-based system, which integrates the management and
viewing of our screening data with bio-informatic analyses of
the proteins (See www.embl-heidelberg.de/gfp-cdna/).

We have applied spectral imaging and linear un-mixing to a
new combination of fluorescent proteins (GFP2/YFP) as a
donor/acceptor pair for Fluorescence Resonance Energy
Transfer (FRET) measurements. The emitted fluorescence of
GFP2 and YFP can virtually not be separated with conventional filtering methods and therefore this donor/acceptor
pair was so far not been exploited although its FRET efficiency is increased up to 80% compared to the most commonly used combination of GFP based donor/acceptor pairs.
In addition, the excitation peaks of GFP2 (396 nm) and YFP
(512 nm) are well separated which has great advantages for
the in vivo detection of FRET by sensitized emission.

In order to increase the screening throughput and reproducibility of experiments we have established and further
improved a microarray-based expression system. Plasmids
encoding GFP-tagged proteins are printed at defined locations on glass slides and decorated with transfection
reagents. Tissue culture cells are subsequently plated on
these slides resulting in clusters of live cells that express the
respective cDNAs at each location. Presently, we can
express 1200 different cDNAs on one slide with 20 to 50
expressing cells per cluster. In a collaboration with the
groups of Jan Ellenberg (EMBL) and Roland Eils (DKFZ,
Heidelberg) we have started to explore the possibilities to
use this method also to screen entire libraries of GFP tagged
cDNAs in order to identify and cluster novel proteins which
localize to specific cellular compartments in living cells. In
collaboration with Philippe Bastiaens' group we use this
expression method to screen for proteins, which become
post-translationally modified upon different extra-cellular
stimuli such as growth factors.

We have also applied spectral imaging and linear un-mixing
to double colour TIRF microscopy for which co-localisation
experiments are severely hampered by the existence of different illumination profiles at different excitation wavelengths. Using only one excitation wavelength in order to
excite closely related GFP fusion proteins (e.g. GFP andYFP)
and subsequent linear un-mixing of the highly over-lapping
emissions we overcome this problem.

Vectorfield methods to determine the kinetics of
ffuorescent structures in uni- or multi-cellular
specimens
Kota Miura, a long-term visitor in our laboratory, has developed and applied a software package that uses vector field
methods in order to determine the kinetics of fluorescent
structures in time-lapse series. The method has considerable
advantages compared to presently existing particle tracking
techniques since it does not require any object segmentation
steps and is also more amenable to the shape change of the
objects to be analysed.The technique was tested and verified
in applications analyzing the dynamics of microtubule associated proteins or membrane bound transport carriers of the
secretory pathway.This showed that the method is suited for
a robust determination of the speed and direction of the
movement of fluorescent structures within cells. It is currently under development for analyzing three-dimensional
movements of objects acquired by 3-D time-lapse
microscopy. Initial analysis of cell movements within the
multi-cellular structure of cellular slime mold has been partially successful in correlating the cell movement and shape
changes of the multi-cellular structure.

Membrane traffic in the secretory
pathway
The focus of our scientific research projects is the temporal
and spatial regulation of membrane traffic in the secretory
pathway and how this projects into organelle biogenesis.
Our particular emphasis is on the transport between the
endoplasmic reticulum (ER) and the Golgi complex.

Microtubule dependent membrane traffic at the
ER/Golgi boundary
In the past years we have used multi-color imaging of living
cells to visualize and quantify the kinetics of ER to Golgi
transport carriers simultaneously with the vesicular coat
molecules COPI and COPIt and their regulators. These studies have revealed that vesiculo-tubular transport complexes
in size, rather than small
(VTCs), which are about 0.5-1
60 to 80 nm transport vesicles, are the major long-range ER
to Golgi transport carriers in mammalian cells. They form in
the proximity of rather stable and distinct ER exit sites most
likely by homotypic fusion of COPIt coated transport vesicles.Thereafter, the COPII coat is replaced by COPI which is

High content screening microscopy
We have further developed during the year our high content
screening platform, which allows automated transfection and
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required for their transport along microtubules towards the
Golgi complex (see Stephens and Pepperkok, 200 I for
review). We could also show that transport along the microtubules involves the function of the microtubule motor complex dynein, COPI, p24 proteins and Rab proteins.
Experiments with several distinct GFP-tagged transport
markers has now revealed that procollagen-G FP is transported from the ER to the Golgi complex in VTCs distinct from
those shared by several membrane proteins such as SNARE
proteins, ts-045-G, ERGIC-53 or luminal GFP suggesting that
at least for procollagen a cargo sorting step early in the secretory pathway close to ER exit sites must exist (Stephens and
Pepperkok, 2002). These data together with the co-existence
of several homologues of COPIt components and their splice
variants raise the question whether distinct "cargo specific"
COPIt vesicles form at distinct ER exit sites? In order to
address this question, we have determined the localisation,
stochiometry and binding dynamics of GFP tagged COPIt
components and several of their splice variants at ER exit
sites in living cells by quantitative immuno-cytochemistry,
FRAP and FRET.This shows that, although the association/dissociation rates of COPII at ER exit sites are strongly dependent on the presence of transport competent cargo and putative cargo receptors, respective COPIt homologues and their
splice variants have similar association/dissociation rates at
ER exit sites and bind them with virtually identical stochiometries. This suggests that specialised, cargo specific ER
exit sites most likely do not exist. However, consistent with
our earlier results that have shown that sorting of procollagen away from other cargo molecules requires COPI function
and microtubules, we observe that COPI, microtubules and
motor proteins are also involved in COPII turnover and
assembly at ER exit sites. Although these molecules are
unlikely to be directly involved in COPIt assembly, these
results demonstrate the interdependence of COPII mediated
anterograde and COPI dependent retrograde transport and
underline the importance of the microtubule network and
associated regulators in ER to Golgi transport.

aim to identify novel regulators of the secretory pathway. By
now we have classified more than 500 Proteins according to
their localization in cells and bioinformatic predictions on
their structure and function. The data of these experiments
are summarized at www.embl-heidelberg.de/gfp-cdna/. We
have tested the cytoplasmic proteins and those that localize
to structures of the secretory pathway in functional assays for
their relevance in ER to Golgi and post-Golgi transport. We
also screen for proteins that affect the Golgi morphology or
playa role in microtubules dynamics. Since our ultimate goal
with this approach is to reveal and understand networks of
interacting proteins regulating specific transport steps in the
secretory pathway we have conducted yeast two hybrid interaction studies with some of the proteins identified in our
functional screens as regulators of the secretory pathway (in
collaboration with the group of Stefan Wiemann at the DKFZ
in Heidelberg).
For one of the novel proteins (2c 18), which we identified as a
regulator of post-TGN traffic in collaboration with Carlos
Dotti's group (Torino), we have characterized now the interaction partners in more details by biochemical methods and
show that it is a novel binding partner of the AP I adaptor
complex. The interaction occurs via the "(-subunit of the AP-I
complex and the N-terminus of 2C 18. As a consequence of
this interaction the AP I complex becomes stabilized on
membranes coincident with transport inhibition of a selection
of proteins that harbor a tyrosine sorting motif in their cytoplasmic tails.
A more detailed analysis of one of our ER localized proteins
(8e24), that inhibit ER to Golgi transport when overexpressed, has revealed that it belongs to a so far unidentified
family of proteins bearing a putative GTPase domain. 8e24
appears to be highly conserved amongst eukaryotes and the
family can be defined in addition to the highly conserved
GTPase domain, by a nuclear localization signal and an N-terminus containing an ER localization signal. It is an essential
protein as "cellular knock-out" by antisense technology leads
to cell death consistent with the fact that the deletion of 8e24
is lethal in yeast. The GFP tagged protein localizes predominantly to the ER but a small amount appears also accumulated in nuclear foci. We postulate that 8e24 shuttles between
ER membranes and the nucleus.

Systematic identification and functional characterisation of novel regulators in the secretory pathway
We have continued our long-term project of the systematic
localization of novel, full length proteins in cells which has the
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Light microscopy group
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During the past few years the light microscopy group underwent some serious changes.We began with the development
of confocal fluorescence microscopes but have always collaborated with scientists inside and outside EMBL making
excellent use of various microscopy techniques for biological and biophysical research. The group was actively involved
in the development of many methods and devices that are
now in common use all over the world, and collaborated
extensively with industry to make sure that technology was
transferred and became generally available. Biologists who
applied and guided the developments were employed as well
as physicists and engineers who devoted their efforts to
addressing challenges that were phrased by the biologists.
The group developed and currently maintains a healthy mix
of basic and applied research, technical development and
applications in the sister sciences. The usage of the various
available lasers for research in the life sciences has remained
a central topic. However, laser scanning for imaging purposes has become less important and has largely (but not
entirely) been replaced by the use of lasers for manipulating
very tiny as well as very large objects. The Photonic Force
Microscope (PFM) can be used to determine the location of
100 nm latex beads attached to single molecules. The
Multiple Imaging Axis Microscope (MIAM) on the other hand
uses essentially the same laser to manipulate objects that are
visible to the naked eye in an observation volume. But how
are these techniques linked to each other and how can they
be used in modern molecular biology?

devised a new instrument that would use more lenses but
would also at the same time record complete images rather
than scanning through an object point by point. Imaging conditions would thus be quite relaxed and more suitable for
extensive scientific applications.
The MIAM is based around four objective lenses arranged in
a tetrahedral configuration around a common focus (see
Figure I). This geometry allows optical access to the sample
from many more angles than are possible in a conventional,
single-lens microscope, which allows a resolution increase
above conventional systems. In any single-lens microscope,
the lateral resolution is always better than the axial. The
basic idea of the MIAM is to record images of the sample
from various directions (i.e. along different axes) and then to
computationally combine the best features from the different views. The resulting combined image has a high resolution in all directions, rather than only laterally (see also
Multi-View Reconstruction, below).
The sample in the MIAM cannot be prepared in the conventional way by mounting it on a microscope slide. The large
(about 3mm in diameter) observation volume is enclosed by
the four lenses and requires a new technique with which the
sample can be moved precisely within the observation volume. An elegant method is the use of optical forces as a
means for non-contact manipulation of sensitive samples
after they have been injected into the focal region.

Marrying optical manipulation and
three-dimensional microscopy

Observing an object from various
directions

ljan Huisken,james Swoger)

ljames Swoger,jan Huisken)

The phenomenon of optical forces has been extensively
studied both in experiment and theory. Two different instruments have played a major role. The well-known Optical
Tweezers, in which a dielectric particle is trapped by the gradient forces of a strongly focused laser beam form the basis
of one of these instruments. This technique is applied in our
Photonic Force Microscope (PFM, see below). The second
application of optical forces is optical levitation. In contrast
to optical tweezers, a weakly focused (or collimated) laser
beam is used to push particles upwards against gravity using
only scattering forces. Advantages are the possibility to
move large samples along the beam across large distances

Confocal theta microscopy was invented about ten years ago
to provide biologists with a new tool for the investigation of
large specimens with high, isotropic, three-dimensional resolution. The fundamental principle used in that microscope
was the detection of fluorescence light at an angle of about
90° to the illumination axis. Although the instrument performed as expected, it turned out to be too complicated to
be used on a daily basis or for routine observations. The
main reason was that the lenses had to have a common
focus, which had to be maintained with an extremely high
precision over an extended period of time. We, therefore,
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geometry, which allows the collimated laser beams to push
the particle from all four sides (Figure 2). Electronic position
sensors and a feedback loop assure the controlled movement of the sample by modulating the intensity of the four
beams.

Differential Active Optical
Manipulator (DAOM)

aan Huisken)

An optical trap can be formed by focusing a laser with a high
numerical aperture objective lens. The large intensity gradient in the focal region creates forces that draw the particle
toward the region of peak intensity. This permits stable, passive optical trapping in all three dimensions. Optical levitation is a technique that is similar in many ways to optical
trapping. However, there is one important difference
between the two methods: an optical trap uses light-generated forces exclusively to create a stable trap, whereas in
optical levitation the force of gravity also plays a significant
role. A purely optical trap can only localize the object close
to the focal plane (near the position of maximum intensity).
However, in optical levitation the gravitational and optical
forces can be balanced against each other, so that it is possible to reposition the object along the optical axis by up to
several hundred microns.This brings a new dimension to the
flexibility of optical levitation, and allows use in applications
such as the repositioning entire samples over large distances
in three dimensions. In the MIAM four infrared laser beams
are used to hold the sample in place. The collimated beams
overlap in the middle. Gradient forces are negligible in the
overlap region and the particle can be repositioned by varying beam intensities. The position of the particle is continuously tracked and the user at the microscope can decide any
time to move the sample to a different place.This allows the
acquisition of various images of the sample from any side at

Figure I. MIAM objective lenses. Four water dipping lenses are
arranged in a tetrahedron. They share a common aqueous volume
in which the sample is immersed. Optical forces move the sample
while up to four independent images are recorded in parallel.
and the independence from special optics having high
numerical aperture. In the past few years different systems
for optical levitation have been set up, in which the levitation
of various particles has been studied. Since each ray that hits
an object with a refractive index different than the surrounding medium is reflected, refracted or generally speaking deflected, momentum and energy are transferred to the
object (due to conservation of total momentum and energy). The total force has two components: one that points
towards the lateral centre of the beam (gradient force due
to the lateral gradient of the beam's intensity) and one that
points along the beam's axis (scattering force). The scattering of laser light by large particles results in a pushing force
that can be used to manipulate fragile objects. In the MIAM
an infrared laser (1064 nm) is used to manipulate the sample. This is accomplished by making use of the tetrahedral

Figure 2. A tetrahedral arrangement of objective lenses provides access to the sample from all sides, which provides more information
about the sample (left). Four infrared laser beams are utilized to hold the sample in the common focus of the four lenses (middle). By
optically pushing with these beams the sample can be positioned anywhere within the common volume of the four beams (right). This
is a fast, non-contact way to handle fragile objects.
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Figure 3. A bead with a diameter of 20 pm has been trapped by the four infrared beams. By increasing and decreasing the intensities of beams No. I and 2 the bead can be moved along the optical axis I and 2, respectively. This results in a vertical shift on the other
camera.

any depth. Figure 3 shows an example of the manipulation of
a particle in the sample region of the MIAM.

ing to investigate features (such as e.g. gene expression patterns) that require high resolution over a large volume.

Using a single plane to illuminate a
large object

Multi-view reconstruction

ljames Swoger,jan Huisken)

ljan Huisken, Sebastian Enders,james Swoger)

In any multi-view microscopy - like the MIAM and the SPIM
- the processing of the acquired data is a decisive and indispensable step in obtaining a meaningful image. This image
processing includes several steps which can be split into: preprocessing of the individual stacks, alignment, and combination. Figure 6 illustrates the steps involved in this process.
From each view a complete 3D data stack is obtained. After
several steps of preprocessing which may include de-shearing, rotation, normalization and re-scaling all sets have the
same orientation but different anisotropic resolutions.
Before combining the data an alignment procedure assures
that the stacks are properly registered. Then the data sets
are combined.Various different algorithms for this important
step have been evaluated.The combination is done in Fourier
space to make optimal use of spatial frequency information.
A weighted average stresses the components with high spatial frequencies, resulting in a fusion that combines only the
best portions of the individual data sets. Like in any other
3D-microscopy, finally, a graphical representation of the
resulting data makes the data visually accessible to the user.
The complete procedure has been implemented in a computer program and allows the user to obtain high resolution
data shortly after mounting the sample in the microscope.

The MIAM setup is well suited for small eggs and small tissue sections and provides an excellent resolution improvement. It is also quite fast and efficient since it records up to
four data sets in parallel. There are, however, even larger
samples such as e.g. Drosophila embryos, which would not fit
into the small volume provided by the four lenses. Another
problem with large objects is that the contribution from outof-focus light is quite strong. We, therefore, implemented a
combination of a thin sheet of light, which illuminates only a
sub-volume of the sample, and observation from a direction
perpendicular to the illumination light sheet. This effectively
illuminates only the part of the sample that is in-focus in the
detection system, eliminating out-of-focus contributions.
This arrangement provides a long working distance such that
millimeter-large specimens can be observed entirely. A
three-dimensional image is created by scanning the specimen
through the stationary selective volume of illumination (a
light sheet) while providing optical sectioning. Figure 4 illustrates the effect of rejecting the out-of-focus light when
imaging a thick sample such as a Drosophila M. larva.
Rotation of the sample makes it possible to change excitation and detection axes with respect to the sample, allowing
us to illuminate and image parts of the sample that are hidden or obscured in other views (see Figure 5). The data
stacks obtained can be combined in a post-processing step
to yield a high-resolution image of the complete sample.This
kind of microscopy is especially suited for the investigation
of millimeter-sized samples. We have observed various samples with our instrument and have achieved excellent results
that demonstrate the properties and performance of the
microscope.This technology should be of interest to all biologists working with such large specimens and who are try-

Optical scanning holography
ljames Swoger)

Optical scanning holography (aSH) is a technique that
allows 3D information about an object to be measured using
only lateral scanning.The object is illuminated by an interference pattern created by the overlap of two coherent beams,
which is scanned across the object. This contrasts with traditional holography, in which a reference beam and an object
beam interfere at a detector, and this difference is the source
of several interesting properties unique to aSH.
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Figure 4. A Drosophila Melanogaster larva imaged with conventional (a) and thin light sheet (b) illumination (single plane). Image
size: I000_1300px, GFP membrane labeling, Zeiss Epiplan 10.-/ 0.20.

The excellent success of the work on c. elegans embryos by
Stephan W Grill when he was a member of our group, and
the fact that the instrument was moved to the MPI in
Dresden motivated us to design a completely new laser cutter. It is considerably faster than the previous design, more
efficient and much more flexible. The particularly interesting
feature of these cutters is their ability to cut in three dimensions. By this we mean that the location at which damage or
ablation occurs is a well defined and, most likely, a diffraction
limited volume element. It is e.g. possible to cause damage
inside a cell without affecting the plasma membranes above
or below.We intend to use the instrument with cells as well
as with embryos.

ane feature of aSH that is not available in traditional holographic techniques is that the light emitted from the object
does not need to be coherent. This property is of particular
interest in the context of the commonly used technique of
fluorescence microscopy, as applied to biological problems.
Traditional holographic microscopy has been used in biology,
but is inherently insensitive to incoherent emissions such as
fluorescence. Wide-field fluorescence microscopy is a widely
used technique for imaging fluorescence, but for thick samples requires axial scanning of the sample or the imaging
optics. Confocal and multi-photon microscopies can provide
high-resolution fluorescence images, but these techniques
require both axial and lateral scanning. aSH therefore can be
of use in applications where 3D fluorescence data sets are
desired, but axial scanning is difficult or impossible.

Advanced software for modern optical equipment

Although aSH has been demonstrated experimentally and
described theoretically, there are some aspects of the technique that merit further consideration. Firstly, although the
application of aSH to microscopy has been considered in
the literature, there are aspects such as polarization effects
in high numerical aperture (NA) lenses that were not considered. Secondly, in much of the previous work, one of the
beams in the model is assumed to be an ideal uniform plane
wave. This has the consequence that the effects of beam
aberrations on the reconstructed image are not taken into
account. In addition to examining these aspects of aSH, we
present the possibility of single-beam scanning, in which only
one, rather than both, of the two beams interfering at the
sample is scanned. We show that this technique is in general
more tolerant of aberrations in the illuminating beams than
the method of scanning both beams.

(Barkha Madan, in collaboration with Nicholas).
Salmon, SLS, and Alfons Riedinger, Electronic
Workshop)

The software originally developed for confocal microscopes
has been further developed and is now being used for the
laser cutter, the MIAM, and the light-sheet-based instrument,
as well as for a commercial development in collaboration
with SLS Software Technologies GmbH, Heidelberg. It will
remain the basic software for our instruments.

How DNA replicates

(in collaboration with Daniele Zink, LMU, Miinchen)
In order to analyze the dynamics of DNA replication, we
visualized in living human cells both recently replicated DNA
and functional complexes of replication proteins.Time series
of individual replication sites were recorded. This enabled us
to follow directly dynamic re-Iocalizations involved in DNA
synthesis.We could show that the replication machinery repositions during DNA synthesis to adjacent nuclear sites.
Major re-arrangements of DNA were not observed. These
findings contrast with previous data suggesting that DNA is
extensively spooled through stationary replication factories.
In addition, the data show that during S-phase progression

We have developed a general description of the processes
involved in aSH, with the aim of clarifying which configurations should produce the most useful results, and under
which conditions. With the goal of analyzing aSH as a tool
for biological microscopy, the properties of high numerical
aperture objective lenses are explicitly taken into account.

Lasers cut biological specimens

ljuJien Colombelli)
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the replication machinery recognized defined sets of DNA
aggregates. About 85% of these DNA aggregates stably
maintained their replication timing from S-phase to S-phase.
Therefore, DNA aggregates that replicated together during
one S-phase synchronously converted again into replication
foci during the following S-phase. After the synchronous
replication of a given set of DNA aggregates the replication
machinery re-localized to different nuclear sites. Together
with our previous results the data show that S-phase progression is achieved by the sequential re-localization of the
replication machinery to positionally stable DNA aggregates
equivalent to replication foci.

center spindle. Displacement of the spindle is caused by larger net force acting on the posterior spindle pole than on its
anterior counterpart. An increase in net force on the posterior pole relative to the anterior one seems to be determined by differences in the number, strength, and/or distribution of force-generating interactions between the cell cortex and astral microtubules that extend out from spindle
poles toward the cortex.These force-generating interactions
could be driven by molecular motors or microtubule
depolymerization. To measure the distribution of force generators, we devised an experiment to determine the spatial
arrangement of the forces exerted on spindle poles by astral
microtubules. We ablated the central region of the centrosome, causing the pericentriolar material to fragment and
expand out towards the cortex. After optically induced centrosome disintegration (OICD), indirect immunofluorescence showed that separated aster fragments were distributed radially around the original location of the irradiated
centrosome, while the unirradiated centrosome and its aster
remained intact. We followed the movement of aster fragments directly in a C. elegans strain. Late in anaphase, the
anterior spindle pole remains relatively still whereas the posterior spindle pole oscillates as it moves towards the cortex.
We measured the OICD-triggered displacement of aster
fragments as a function of direction for both asters at this
time, because this is when the difference in speed between
the anterior and posterior spindle poles is greatest. In our
assay, typically 15 granules evenly distributed around the cen-

Asymmetric cell division in C. elegans
(in collaboration with Stephan W Grill and Anthony A.
Hyman, MPI CBG, Dresden)

Cell divisions creating daughter cells of unequal sizes are
widespread in developing organisms, where they contribute
to the generation of cell fate diversity. During such divisions,
the mitotic spindle is off-center at the end of anaphase. The
cleavage furrow then bisects the spindle in the middle, generating two daughter cells of unequal sizes. During the first
division of a C. elegans embryo, the polarity of the cell is
established after fertilization through the action of the par
genes and associated components. At anaphase, the anterior pole remains in a fixed position whereas the posterior
pole moves towards the posterior cortex, resulting in an off-

Figure 5. A Drosophila M. larva as seen from two views. Both show the sample in the same orientation. a) A slice from a 3D data
set (the slice is parallel to the detection (z,) axis). The poor axial resolution (along z,) is striking. After taking this stack, the sample was
rotated about the y-axis by 90°, and another stack recorded. b) A slice from the second stack (the slice is perpendicular to the detection (z-J axis). The resolution in b) is clearly superior to that in a). x-axis, illumination; y-axis, rotation; z-axis, detection. Drosophila samples kindly provided by Hanne Varmark (Gonzalez Group).
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particle's position. From the temporal position fluctuations
of the particle, the elementary driving forces can be determined, and from these parameters like local viscosity or diffusion coefficients are calculated. These are the main elements and principles of the Photonic Force Microscope
(PFM).

trosome were tracked for each experiment. The displacements over 5 seconds after OICD were used to generate a
curve describing the rate of expansion as a function of direction. Interestingly, fragment movement following OICD was
not restricted to a particular angular range. Thus the posterior movement of the mitotic spindle is not accomplished by
confining force generators to a specific cortical region, but
instead is due to distributed force generation. The angular
dependence of fragment velocities differed dramatically
between anterior and posterior OICD experiments. After
OICD of the stationary anterior pole, fragment movement
was symmetric about the AP axis. By contrast, after OICD of
the oscillatory posterior pole, fragments traveling in the initial direction of movement of the pole moved at higher
speeds than fragments traveling in the opposite direction.

We developed a theoretical method to determine optical
forces acting on arbitrarily shaped dielectric particles in arbitrarily focused waves. This calculation procedure was
extended to simulate the influence of non-ideal, but experimentally relevant, conditions such as spherical aberrations of
the focus and polarization effects. We showed that there is a
significant difference in the optical force between the lateral
x- and y-direction of a well-aligned optical trap due to polarization.The force on a 216nm latex bead in the direction parallel to the field polarization is up to 25% smaller than the
force acting in the perpendicular direction. The influence of
various non-ideal (experimentally relevant) trapping conditions on the accuracy of the 3D position detection was also
analyzed. It was shown that the detector can partly compensates the polarization effect in the optical trap.

Detecting tiny movements: Photonic
Force Microscopy

(Alexander Rohrbach, Holger Kress, Nils Becker, Dirk
Neumann)
Optical forces acting on a particle result from the momentum transfer of incident photons to the particle, plus the
dipole-forces generated inside it. Equilibrium of these two
effects is required for particle trapping. In addition, randomly varying forces due to collisions with the particle's environment (Brownian motion) cause the object to move randomly inside the trap. Over time, this Brownian motion
allows the captured particle to sample the whole trapping
volume. Although the extent of the volume is a fraction of
the wavelength of light, the 3D-position of the particle can
be determined with a precision of several nanometres by
analyzing the scattered light. A quadrant-photodiode detector in the back focal plane (BFP) of a light-collecting lens generates signals determined by the interference of the un-scattered and forward-scattered light; these signals encode the

The performance of the PFM detection system was investigated for various probe sizes and focus distortions to
answer the question:What position accuracy is possible with
our ultrafast detector? We used our extensive theoretical
and experimental knowledge of optical trapping effects to
generate computer simulations that allow us to investigate
the feasibility and accuracy of experiments with single molecules. Including surface effects like the change of the local
viscosity, we examined the binding/unbinding of receptor-ligand systems or the kinesin-microtubule system. It was
shown that for the receptor-ligand system, the binding
potential could be recovered by analysing thermally induced
transitions. These transitions were made possible by using
the force of the optical trap to diminish the depth of the

4 views

data
acquisition

alignment

Figure 6. Multi-view reconstruction procedure. In this example a
set of four stacks is acquired with different orientations. After preprocessing the data (rotation, normalization, etc.) the sets are
aligned to each other and combined. The poor axial resolution and
the image degradation with increasing depth seen in the individual views are corrected in the combined image.

combination
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Figure 7. Simulated histogram of centre positions of a 0.2 J.lm bead tethered to a surface by a single molecule of length 70nm. The
molecule-bead system with three (left) and two (right) stiff elements (one is the bead radius) is connected by hinges with angular harmonic potentials.

the analysis of the bound bead's stochastic movement then
provides information on the linker's mechanical characteristics. For correct and unambiguous interpretation of the
measured data, one must be able to follow the particle's
movement with high resolution in all three dimensions. To
address this issue, we have developed a technique based on
off-focus imaging of fluorescently-Iabelled beads in a standard epi-f1uorescence arrangement. An off-focus image of a
point-like object created with a high numerical aperture
microscope objective is generally a complicated intensity
pattern consisting of concentric rings. The number and diameter of these rings then precisely encode the axial position
of the object. In our approach, the axial object position z is
extracted from the diameter of the outermost ring, which
scales linearly with z. The lateral x/y positions are then determined from the location of the pattern centre. We determined the precision of our technique by tracking an immobilized 200 nm bead whose position was modulated using
piezo-actuators. From the experiments, it follows that we
can achieve precision better than I nm in all three dimensions. High-precision particle tracking was then applied to
study mechanical properties of the 52-region of a myosin II
motor; one end of the molecule was immobilized on a coverslip surface, and it was attached to a bead at the other end.
We collected data on a population of molecules to obtain
statistically significant characteristics which account for variability in the bead and surface binding. With the use of
Boltzmann statistics, we converted the position histograms
of the bound bead fluctuations to potential energy profiles,
and from these obtained the stiffness of the molecule against
bending.The distribution of the stiffness shows asymmetry of
the flexible hinge in 52-region, which can be directly related
to the shape of the molecule.

binding potential, thereby increasing the probability of
unbinding. The computer simulations revealed that continuous series of binding/unbinding events are extremely sensitive to the strength and position of the optical trap. In another simulation we wanted to reconstruct the linear force constant of the stalk-like kinesin. A bead connected to the
kinesin undergoes position fluctuations that are determined
by the tethering to the surface (microtubule on coverslip)
(see Figure 7). We investigated the influence on the autocorrelation of the bead fluctuations of both position and
strength of the optical trap and of the detection system,
which determine the force constant of the kinesin. For a
range of trap positions and strengths, the actual spring constant of the stalk-like molecule could be recovered from
these Monte Carlo simulations with an accuracy of better
than 20%. In the future, we intend to test optical trapping
configurations that are able to recover more complicated
molecular tethers consisting of different springs and joints. In
addition to computer simulations, a next-generation PFM
was developed in collaboration with Christian Tischer. This
new PFM was designed to offer more stability and flexibility
to a broad range of experiments.

High-resolution particle tracking and
its application to the study of
mechanical properties of myosin
molecular motor
(Alexandr Jonas, Ernst-Ludwig Florin)

A strategy for the study of the mechanical properties of molecules at the single-molecule level is to span the molecule of
interest between a flat surface and a suitably-sized bead. As
discussed with reference to the PFM in the previous section,
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Rohrbach,A. & Stelzer, E.H.K. (2002). Trapping forces, force
constants and potential depths for dielectric spheres in the
presence of spherical aberrations. Appl. Opt., 41,2494-2507
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Physical biology of molecular motors involved in
intracellular organization
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Postdoctoral fellows:
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Thomas Surrey*
Arne Seitz*,jan Vos*
Henrik Bringmann, Sonia Lavisse,Annina Spilker§,jovana Drinjakovic*
*Indicates part of the year only

§ joint affiliation with the team of Isabelle Vernos

full-length motors are sparse and information about the
kinetic behavior of motors in their natural environment of a
cell, i.e. in the presence of all potential interaction partners
and regulators, is missing almost entirely. To measure these
properties, such as the speed, processivity and potential
influence on microtubule dynamics, is the focus of our lab.

In the course of this year, our lab was established.

Motors as organizers of
microtubules
Molecular motors are involved in organizing the intracellular
architecture. How the combination of a multitude of different motors contributes to self-organization of the cytoskeleton is not understood. In collaboration with Francois
Nedelec, Stan Leibler and Eric Karsenti, we have studied in
the past simple self-organizing model systems consisting of
motors and microtubules (Nedelec et 01., 1997, Nedelec and
Surrey, 2000). Using a combination of in vitro experiments
and numerical computer simulations, we could show how
the temporal evolution and the final state of the self-organizing process depends on various parameters: the concentrations of the molecules, the kinetic properties characterizing the dynamics of the molecules (Surrey et 01., 200 I,
Nedelec and Surrey 200 I), and spatio-temporal regulatory
control of motor activities (Surrey et 01., 1998). These studies taught us that we need to know the physical properties
of the components of a self-organizing motor/microtubule
system to be able to understand the collective behavior of
the entire system.

Kinetic assays and spindle motors
In collaboration with Isabelle Vernos, we have begun to
express and purify truncated and full-length versions of the
most important motors required for spindle organization in
Xenopus laevis. Using biochemical and microscopic gliding
assays, Annina Spilker could show in her diploma work that
one of the chromokinesins, XKLP I, is a fast, plus-end directed motor protein. We are presently developing assays based
on fluorescent techniques to study in more detail kinetic
rates of the spindle motors and most importantly to examine also the regulation of these rates depending on the cell
cycle state and on the vicinity to chromatin.To develop these
assays, we began by visualizing the kinetic behavior of those
motors that we used in our previous self-orgainization
experiments. In this collaborative project with Jens Rietdorf
from the Advanced Light Microscopy Facility, Sonia Lavisse
studied as part of her practical work for a diploma in engineering the movement of these motors along individual
microtubules by total internal reflection fluorescence
microscopy (TIRFM).We have also provided support for performing conventional motility assays in collaborative projects
together with Yiorgos Skiniotis from Andy Hoenger's lab and
with Androula Christodoulou, a visitor to Isabelle Vernos's
lab.

In real biological systems like the cytoskeleton, however,
many of these molecular properties are still unknown.This is
for example the case for the motors involved in spindle
organization. In contrast to the detailed biophysical characterization of conventional kinesin, information on the biophysical properties of spindle motors is lacking or in some
cases rather fragmentary. In vitro data about the behavior of

Nedelec, EJ., Surrey, T., Maggs,A.C. & Leibler, S. (1997). Selforganization of microtubules and motors. Nature, 389, 305308
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Molecular motors and their role in intracellular
organization
Team leader:
Postdoctoral fellows:
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Isabelle Vernos
Stephane Brunet, Teresa Sardon, Masatoshi Takagi
Celia Antonio, Mirco Castoldi, Tobias Stauber
Jeanette Seiler
Androulla Christodoulou, Virginie Esain, Martin Kragl, David Maillot, Helene Moussu,
Malte Wittmann

The organization and function of eukaryotic cells rely on the
activity of transport systems that move and position membrane bound organelles and macromolecules, drive vesicular
traffic and segregate chromosomes during mitosis and meiosis. We want to understand how cellular components are
transported to their correct cellular destinations and how
the elements of the cytoskeleton are organized in different
cell types and during the cell cycle.

The mechanism by which TPX2 perform different functions
during cell division is still unclear.To address this question we
have undertaken an extensive analysis of its functional
domains in the egg extract system and in pure solutions.We
found previously that TPX2 is strongly phosphorylated in
mitotic egg extract. We would like to understand the role of
phosphorylation on TPX2. Several consensus sites for phosphorylation by mitotic kinases are present in its sequence.
Using a site directed mutational approach we are systematically knocking out these sites and looking at the functionality of the mutated proteins in the egg extract system.

Our work is focused on microtubules and their associated
proteins, MAPs, motors and regulators during interphase and
during mitosis and meiosis.

The role of chromosome associated
microtubule dependent motors and
associated proteins during cell
division

The role ofTPX2 in spindle assembly
(Stephane Brunet, Martin Kragl, Teresa Sardon, Malte
Wittmann)

At cell division a dramatic reorganization of the microtubule
network occurs, leading to the formation of a mitotic spindle that segregates the chromosomes into the two daughter
cells. All spindles share a fundamental characteristic: microtubules always organize into a bipolar configuration with the
minus ends focused at the spindle poles and the plus ends
interacting with chromosomes or with each other. Spindle
bipolarity is an essential determinant for accurate chromosome segregation. Understanding the basic principles that
underlie spindle assembly is one of our goals. Some years ago
we identified TPX2 as a Targeting Protein for Xklp2, a plus
end directed kinesin-like protein previously identified in the
lab (Wittmann et 01., 1998). In egg extracts depleted from
TPX2, very weak spindles with split poles assemble. On the
contrary addition of excess TPX2 to an egg extract promotes the formation of spindles with high microtubule density and ectopic asters (Wittmann et 01., 2000). We know
now thatTPX2 triggers microtubule nucleation around chromosomes in Xenopus mitotic egg extracts in a RanGTP
dependent manner (Gruss et 01., 200 I) and that this activity
is essential for spindle formation in this system.We have now
examined if this is a general principle for spindle assembly by
characterizing the function of the human homologue of
TPX2 in HeLa cells.We found that in these cells microtubule
assembly induced by TPX2 is also essential for spindle formation. These results indicate that spindle assembly relies
mostly on the self-organization of chromosome-induced
microtubules (Gruss et 01., 2002).

(Celia Antonio, Mireo Castoldi, Masatoshi Takagi)

Chromosomes and microtubules interact dynamically during
cell division. These interactions play an active role in spindle
formation and trigger the movement of chromosomes that
contribute to their alignment on the metaphase plate and
their segregation in anaphase. Two major sites on each chromosome the kinetochores, establish dynamic attachments
with microtubules emanating from both spindle poles. They
are directly involved in chromosome bi-orientation and segregation. Other interactions occur along chromosome arms
and although they are less well characterized they appear to
play important roles in spindle assembly and chromosome
segregation. Some years ago we identified one of the first
kinesin-like proteins associated with chromosome arms,
Xklp I and we characterized its function by antibody addition
to egg extract (Vernos et 01., I993;Vernos et 01., I99S).We are
now trying to understand better the function of Xklp I by
performing immunodepletion experiments in Xenopus egg
extracts and by characterizing functionally its human homologue KIF4 in HeLa cells.
We have continued with the functional characterization of
another chromokinesin, Xkid. Last year we found that Xkid
function is essential for chromosome alignment at the
metaphase plate in the egg extract system.This year we have
examined the function of Xkid during Xenopus oocyte maturation in collaboration with Laurent Perez and Angel
Nebreda in the Developmental Biology Programme. We
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Role of Kinesin II In membrane
traffic

found that Xkid is not required for progression into meiosis
I but is essential for meiosis I to meiosis II progression. The
requirement for Xkid at this stage is not related to its role

(Tobias Stauber)

in chromosome alignment and seems to be more directly
related to cydin B accumulation and MPF activation (Perez
et al., 2002). The mechanisms involved are still unclear and

In interphase, microtubules originating from the centrally
located centrosome irradiate towards the cell periphery.
They have determinant roles in intracellular movements and

further experiments will be required to unravel them.

positioning of organelles (mitochondria, Golgi apparatus,
cytoplasmic vesicles). Although motors are likely to be
involved in many of these transport events, little is known
about their identities. Some time ago we identified Xklp3, a

We are also trying to understand better the functions of the
two chromokinesins Xklp I and Xkid by looking for interaction partners both by sequencing co-immunoprecipitating
proteins and by performing two-hybrid screens.

kinesin-like protein that is one of the components of the
heterotrimeric kinesin II complex in Xenopus. We have

In addition and in collaboration with the group of Thomas
Surrey we have started to determine the motility properties
of these two motors.

shown that Xklp3 activity is required for the delivery of
components from the ER to the Golgi apparatus (Le Bot et
al., 1998) but we still do not know in which step of membrane traffic it functions. Using a combination of functional
assays and video microscopy Tobias Stauber is trying to
determine the role played by kinesin II at the interface
between the Golgi and the ER.

Another chromosomal protein that is interesting to us is
Chmadrin, identified by Masatoshi Takagi before joining the
lab as the Ki-67 antigen. To characterize it functionally he has
now obtained the tools required to perform experiments
using the Xenopus egg extract system.

Figure I. TPX2 is essential for mitotic spindle formation in human somatic cells. TPX2 is a microtubule associated protein required for
targeting the kinesin-Iike protein Xklp2 to the spindle poles. It is involved in microtubule assembly around chromosomes under the regulation of the small GTPase Ran. In control HeLa cells, hTPX2 (red) induces the assembly of microtubules (green) around chromatin
(blue) in mitosis. Depletion of hTPX2 by siRNA blocks spindle formation: two large asters of microtubules are nucleated by the centrosomes but a bipolar spindle does not form. TPX2 is thus an essential protein for human cell division and a potential target for an antimitotic drug (Gruss et aI., 2002).
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Short range cell interactions control
cell survival decisions

Intercellular signaling plays a central role in organizing spatial
pattern and controlling growth in animal development. We
make use of the limbs of Drosophila as an experimental system in which to study these signaling processes. The
Hedgehog,Wingless (Wnt) and Dpp (a BMP family member)
signaling proteins play important roles in patterning and
growth control. These proteins are expressed in localized
domains, which serve as signaling centers in the developing
legs and wings. The proteins form long-range morphogen
gradients that provide information to nearby cells. Cells
interpret their position as a function of the combination of
signals that they receive and the levels of these signals. Much
of our work in 2002 has focussed on studying the cell interactions that control growth and cell survival in the Iimbs.We
have continued to study how morphogen gradients form in
tissues. We have also continued to examine the contributions of glycosyltransferase enzymes as modifiers of proteins
and glycolipids involved in signaling processes. Selected projects are highlighted below.

During development of multicellular organisms, cells are
often eliminated by apoptosis if they fail to receive appropriate signals from their surroundings. We identified two transmembrane proteins with leucine-rich repeats, known as
Capricious and Tartan, that contribute to cell affinity and cell
survival signaling during wing development. At late stages,
Capricious and Tartan are expressed on lateral cells but
absent from medial cells. Lateral cells that fail to express
Capricious and Tartan are eliminated by apoptosis. The same
was true for dorsal cell that failed to express Capricious and
Tartan at an earlier stage. Interestingly, only the extracellular
domains of Capricious and Tartan were required to suppress
cell death, suggesting that a bidirectional process of cell communication is involved in triggering apoptosis.We also found
that activation of the Notch signal transduction pathway is
involved in triggering apoptosis of cells mis-specified for
their dorsal-ventral position. This study revealed that shortrange cell interactions provide cues that support cell survival
during development. Cells unable to participate in these
interactions are eliminated. This mechanism constitutes a
surveillance system to eliminate mispositioned cells during
development (Milan et al., 2002).

Growth control
Cell proliferation and pattern formation are coordinated in
animal development. Although many proteins that control
cellular growth and cell proliferation have been identified,
the means by which these effectors are linked to the patterning machinery remain poorly understood. Using a gain of
function genetic screen we have identified a gene that contributes to coordination of patterning and cell proliferation.
We call the gene bantam because animals with reduced gene
activity are small, but normally formed, like a bantam rooster. bantam simultaneously stimulates cell proliferation and
prevents apoptosis, thereby promoting tissue growth
(Hipfner et al., 2002).

Glycosyltransferases and cell
signaling
In a long-standing collaboration with Henrik Clausen from
University of Copenhagen, we have continued to examine
the functions of the egghead and braininac genes.These were
selected because they produce phenotypes resembling loss
of Notch signaling activity in development. we expected
them to be glycosyltransferase enzymes that modified Notch
or its ligands. Surprisingly, they turn out to act as glycosyltransferase enzymes in biosynthesis of glycolipids. Future
work will address how their glycolipid products affect cell
signaling (Schwientek et al., 2002;Wandall et al., 2002).

In a related study, performed in collaboration with Bruce
Edgar's laboratory at the Fred Hutchison Cancer Research
Center, we examined the link between nutrition and growth
regulation. We developed an in vivo sensor that reveals levels
of activation of the Insulin/PI3Kinase signal transduction
pathway. PI3Kinase activity has been shown to stimulate cellular growth. We demonstrated that activity of the
Insulin/PI3Kinase pathway is regulated by nutritional cues
during larval development (Britton et al., 2002).

A novel mechanism for modulating
morphogen gradient formation
Heparan Sulfate Proteoglycans (HSPGs) have recently
become the focus of considerable interest as modulators of
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ing the shape of the Wingless protein gradient. When overexpressed Notum blocks Wingless activity. Notum encodes a
member of the
hydrolase superfamily, with similarity to
pectin acetylesterases. We present evidence that Notum
influences Wingless protein distribution by modifying the
Glypicans. High levels of Wingless signaling induce Notum
expression. Thus Wingless contributes to shaping its own
gradient by regulating expression of a protein that modifies
its interaction with cell surface proteoglycans (Giraldez et
01.,2002).

intercellular signaling in development. Growth factors bind
to the glycosaminoglycan side chains of HSPGs, which can
mediate receptor-ligand interaction. Genetic studies have
implicated HSPGs in
Hedgehog, Dpp/BMP and Wg function. Specific Glypican HSPGs have been implicated in Wg
signaling in Drosophila and zebrafish. The Drosophila glypicans
Dally and Dally-like (Dip) have been shown to bind and stabilize Wg at the cell surface. We have identified a secreted
repressor of Wingless activity, which we call Notum. Loss of
Notum function leads to increased Wingless activity by alter-
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*Indicates part of the year only

We establish the polychaete worm Platynereis dumerilii as a
novel molecular, developmental animal model system. This
species holds an important position in the phylogenetic tree
as representative of a largely unexplored branch of the
Bilateria, the Lophotrochozoa (Adoutte et al., 2000; Figure
I). Most important, and in contrast to major molecular
model systems so far established for Bilateria, it shows an
ancestral mode of development in combination with a conserved, evolutionarily ancient body plan (Figure 2). For example, Platynereis displays an ancient, 'amphistome' gastrulation
pattern (Arendt et al., 200 I) and forms a prototype invertebrate, rope ladder like CNS.

la organiser orchestrates the morphogenetic movements
that establish bilateral symmetry during polychaete gastrulation. We have started to investigate, by wholemount in situ
and by pRNAi loss-of function studies, the site of action of
the FGF/FGFR-, BMP2/4-chordin-, and Wnt- signalling systems
during Platynereis gastrulation. This allows allocating these
systems into the framework of prototype polychaete gastrulation and subsequent axis formation, and to then compare
to the vertebrate situation.
One important aspect of gastrulation is the formation of the
mesoderm anlage.Vertebrate studies indicate a role for FGF
signalling in mesoderm formation during gastrulation. A
Platynereis FGFR has been cloned in collaboration with M.
Hassel (Universitat Heidelberg), and its role analysed by
expression pattern and functional analysis using parental
RNA interference and chemical inhibition.The FGF receptor
is almost exclusively expressed in mesodermal cells (Figure
3). pRNAi knockdown of the FGF receptor mRNA results in
embryos that fail to form a ventral body side and also show
a defect in mesoderm induction. The chemical inhibition of
the FGF receptor using a FGF receptor ATP binding site
antagonist (SU5402) results in complete inhibition of muscle
differentiation and an increase in undifferentiated mesoderm. Ongoing analysis includes a complete characterization
of the mesodermal RNAi phenotype, and will then focus on
an apparent defect in the formation of the ventral body side,
indicative of aberrant gastrulation movements.

Platynereis has 2n=28 chromosomes, and its genome size is
on the order of 700 megabases (C-value = 0.89 - I pg).There
is no indication for genome duplication or polyploidy. In
almost all cases, for the so far cloned 50-60 genes (that
mostly belong to well known multigene families such as the
- Hox genes, the NK-homeobox genes or the Wnt family) only
the expected single copy of a known conserved gene is present. In addition, the gene sequences are very close to the
inferred ancestral state and far less derived then for example C. elegans, Drosophila, or planarian sequences, as judged by
sequence comparisons and phylogenetic trees.
A breeding culture of Platynereis has been installed at the
EMBL. Embryos and larvae are translucent and develop
externally. One female generates an offspring of several
thousands individuals growing simultaneously in one batch.
Key techniques for the molecular study of Platynereis development, such as WMISH (Wholemount in situ hybridisation),
and parental RNA interference (pRNAi), have recently been
established in the Wittbrodt laboratory (Arendt et al., 200 I,
and unpublished data).

Molecules involved in polychaete
segmentation
(Detlev Arendt in collaboration with B. Prudhomme, G.
Balavoine, Paris)

The research in our lab now focusses mainly on the comparative analysis of gastrulation, early axis formation, and
CNS development.

The origin of animal segmentation - the periodic repetition
of anatomical structures along the antero-posterior axis - is
a long-standing issue that has been revived by comparative
developmental genetics. In particular, a similar extensive
morphological segmentation (or metamerism) is commonly
recognized in annelids and arthropods. In collaboration with
the laboratory of G. Balavoine in the CGM/CNRS (Gif-surYvette, France) we have analysed the expression patterns of
Platynereis genes orthologous to the Drosophila segmentation
genes engrailed and wingless. In Platynereis, engrailed and wingless are adjacently expressed in continuous ectodermal
stripes on either side of the segmental boundary before,
during and after its formation, suggesting these genes are

The role of FGF signalling in
polychaete gastrulation and
mesoderm formation
(Patrick Steinmetz)
The polychaete mode of gastrulation (blastopore gives rise
to both mouth and anus) likely comes very close to the
Urbilaterian situation (Arendt et al., 2000). As in the vertebrates, but distinct to Drosophila and Caenorhabditis, a gastru68
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involved in segment formation. These results indicate that
the ancestor of protostomes was segmented and suggest
further that insect parasegments are developmentally
homologous with annelid segments.

boundary subdivides formerly homogenous territories, in a
seemingly arbitrary manner. We have therefore studied the

otx-hox molecular subdivision in Platynereis, to determine the
position of this boundary in the morphological framework of
a prototype Lophotrochozoan. We focused on Platynereis

The otx-gbx-hox morphogenetic

orthologs of genes that control positioning and maintenance

boundary in polychaetes

of the vertebrate midbrain-hindbrain boundary, the otx-hox

(Fabiola Zelada, in collaboration with C. Burgtort
Berlin)

interface in the vertebrate brain. The most prominent example is the homeodomain transcription factor gbx, of which
we have cloned the Platynereis ortholog. Our data reveal evo-

In all Bilateria the developing body subdivides into an anterior otx-, and a posterior hox-specified region. The evolutionary origin, and significance, of this fundamental subdivision is
currently unknown. It could not be deduced from the analysis of insect or vertebrate development, where the otx-hox

lutionary conservation of a gbx-positive boundary region
between otx- and hox-territories in the polychaetes. Most
important, and in contrast to insects and vertebrates, in

Platynereis this molecular boundary matches a fundamental
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morphological transition between two developmentally distinct body parts, the head and the so-called 'larval segments'.

an easily accessible system, in which early forming morphological landmarks (larval eyes, apical organ, prototroch pigment cells, etc.) allow quick and reliable orientation.

The role of hox cluster genes In
Nereids

In a study started by D.Arendt in the Wittbrodt laboratory,
we have analysed cell-specific, combinatorial expression of
developmental control genes, cellular morphologies, and
axonal scaffolds, to compare the photosensitive system in
the prototype invertebrate brain of the polychaete
Platynereis dumerilii (Lophotrochozoa) to vertebrate and
insect counterparts (Arendt et 01., 200 I, and unpublished
data; Figure 4). Essentially, we show that Platynereis orthologs
of vertebrate eye-specific genes are specifically co-expressed
in an apical photosensitivity complex consisting of three
pairs of eyes, two distinct types of photoreceptor cells, and
clock neurons, that form along, and connect to, the optic
brain commissure. This apical complex represents the core
structure of an ancient bilaterian brain, and has been the
evolutionary substrate also for the emergence of vertebrate
eyes.

(Elena Shurygina)
Nereid polychaetes are ideally suited to elucidate the evolutionary origin of the hox cluster in Bilateria owing to their
rather ancestral, segmented morphology. In a study mainly
carried in our collaborators' laboratories in St. Petersburg
(T. Andreeva, Biological Research Institute), and Cambridge
(C. Cook, University Museum of Zoology), we investigatethe
expression of Hox genes in Platynereis, and in its sister
species, Nereis, and relate this to the establishment of the
polychaete body plan.

The Platynereis photosensitive
system, and evolution of brain and
eyes in Bilateria

Evolution of the chemosensory/
neuroendocrine system

(Detlev Arendt, Heidi Snyman, Kristin Tessmar, in collaboration with the Wittbrodt laboratory, EMBL)

(Kristin Tessmar)

The evolution of brain photosensitivity, and eyes, of Bilateria
is a matter of centuries-long debate (Arendt and Wittbrodt,
200 I). What was the level of complexity already acquired in
the Urbilaterian CNS? What were the main achievements,
novelties or remodelings, in the evolutionary lines leading to
insects and vertebrates? The polychaete developing brain is

Besides the question of eye evolution, we are more generally interested in sensory systems, and in their potential evolutionary relationship among each other and to the neurolendocrine system. Several developmental and functional
connections exist between anterior chemosensory (olfacto-

Efflbryo

<:@
ID

Adult

"

Grow:ing IVOrn1.

...

.

Trochophore

@

14hrs

Metatrochophore

4811rs

Figure 2. Life-cycle

of Platynereis dumerilii. Modified from variof G. Balavoine, Paris
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Generating resources: wholemount
in situ screen and EST sequencing

ry) system and the neuroendocrine system in the vertebrates. These include the close spatial arrangement of their
anlagen as well as the origin of the gonadotropin - releasing

(Detlev Arendt, Heidi Snyman, Kristin Tessmar, in collaboration with the various NereidNet laboratories)

- hormone (GNRH) secretory cells of the hypothalamus
within or close by the olfactory placode. We cloned

We have founded the Nereid Net, a network of about I0
European laboratories investigating the evolution of animal
development (,evo-devo') by the comparative study of development and regeneration in Platynereis and other nereid
polychaetes. In a collaborative effort, the Nereid Net generates end sequences of a large collection of cDNAs from
libraries of distinct developmental stages of Platynereis. We
have started with the generation of a 48h cDNA plasmid
library. The identification of Platynereis homologues of a large
number of developmental genes by EST sequencing will be
followed by the systematic analysis of their expression patterns during development in the different NereidNet laboratories (for example see genes expressed in brain development at 48h of development, Figure 5). Our screen will con-

Platynereis orthologs of conserved genes which have been
implied in the development and function of sensory and
neuro-/endocrine systems in insects and vertebrates. For
example, we study Platynereis members of the pou- family,
emx, DII, ptx, gsx and hormone receptors. An initial expression analysis of these genes will now be complemented by
antibody stainings and retrograde Dil labelings to determine
the organization and connectivity of these organs in

Platynereis. So far we were able to define a set of genes
whose

overlap

specifically

demarcates

the

anterior

chemosensory (olfactory) anlagen in Platynereis. An analysis
of the neuroendocrine system is in progress.
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sections

Platynereis as novel molecular model system, our laboratory

tribute new genes to ongoing Platynereis developmental
research in the NereidNet laboratories, and facilitate the
interpretation of comparisons between the data already
available for other key model systems such as Drosophila and
mouse. To join efforts for the generation of resources for

has organised the first International NereidNet meeting that
has taken place at the EMBL in Heidelberg in October 2002,
and was supported by the German Research Council (DFG).
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the posterior pole of the oocyte, osk mRNA is translationalIy repressed via RNA elements, the Bruno Response
Elements (BREs) located within the 3' UTR of the mRNA,
which bind the ovarian RNA-binding protein, Bruno. Bruno
represses osk mRNA translation in vitro, demonstrating that
the protein is a translational repressor (Castagnetti et 01.,
2000). When osk mRNA reaches the posterior pole, its
translation is derepressed by an active process involving a
translational derepressor element in the 5' region of oskar
mRNA (Gunkel et 01. 1998). The derepressor element only
functions at the posterior pole, suggesting that a locally
restricted interaction between trans-acting factors and the
derepressor element may be the link between mRNA localization and translational activation. Thus, the coupled regulation of osk mRNA localization and translation in time and
space ensures that Osk activity is present exclusively at the
posterior pole of the oocyte and embryo.

Many cells show some degree of polarization, reflecting
important aspects of their specialized functions. How cell
polarity is established remains one of the central issues in
biology. In all cases, the establishment and elaboration of cell
polarity relies on the asymmetric distribution of cytoskeletal
and other gene activities within the cell. The concentration
of specific proteins at particular intracellular locations is an
essential part of the process. Membrane-associated and
secreted proteins are cotranslationally targeted to the
endoplasmic reticulum, then translocated to the appropriate
compartment via the budding and sorting of vesicles. In contrast, many cytoplasmic proteins are targeted by prelocalization of their transcripts. As a single mRNA is a template for
many proteins, localizing transcripts is an efficient mechanism to generate a local and concentrated protein source.
When coupled with mRNA localization, localized translational control can allow precise spatial and temporal control
of gene expression within the cell. In addition, the local and
temporal restriction of protein activities by mRNA localization-dependent translation can also serve to prevent the
occurrence of potentially deleterious interactions elsewhere
in the cell.

Underlying the localization of osk mRNA is the intrinsic
polarity of the oocyte. Par-I /MARK-I kinase plays an important role in the establishment of polarity in the C. elegans
embryo and in mammalian epithelial cells. MARK-I kinase
has been shown to phosphorylate microtubule-associated
proteins leading to destabilization of the microtubules. In C.
elegans, Par-I is required in the I-cell embryo for asymmetric positioning of the spindle and segregation of determinants such as the P granules, as well as for localized translation of specific mRNAs. Par-I protein becomes localized to
the posterior cortex of the I-cell C. elegans embryo. These
features of Par-I kinase led us to identify the Drosophila ParI homolog and to demonstrate its involvement in polarization of the oocyte (Tomancak et 01., 1999).

Research in the laboratory is concerned with the issue of
cell polarity and, specifically, with how polarity of the
Drosophila oocyte and embryo is established and elaborated
(reviewed by Riechman and Ephrussi, 200 I).We have focused
on the posterior determinant, oskar (osk), which is localized
as an mRNA to the posterior pole of the oocyte, where it
recruits other protein and RNA components and induces
formation of posterior pole cytoplasm of the oocyte . The
pole plasm contains the determinants of the germ line and
of the abdomen of the embryo. osk mutants and mutants in
which osk mRNA localization fails develop no abdomen or
germ line. Tight restriction of osk activity to the posterior of
the oocyte is equally critical for proper embryonic development. Embryos in which osk activity is not restricted to the
posterior pole of the embryo develop head defects and, in
extreme cases, bear an ectopic abdomen of reverse polarity
in the place of the head.

Spatial restriction of pole plasm
formation by anchoring of Oskar
(Nathalie Vanzo)
Localization of the maternal determinant Osk at the posterior pole of Drosophila oocyte provides the positional information for pole plasm formation. Spatial control of Osk
expression is achieved through the tight coupling of mRNA
localization to translational control, such that only posteriorlocalized oskar mRNA is translated, producing the two Osk
isoforms Long Osk and Short Osk (Markussen et 01., 1995).

osk mRNA localization requires a correctly polarized microtubule cytoskeleton, the microtubule motor Kinesin as well
as a number of additional proteins, which presumably form
mRNP complexes with the mRNA. Prior to its localization at
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Developmental Biology Programme

We have shown that this coupling is not sufficient to restrict
Osk to the posterior pole of the oocyte.We found that Long
Osk anchors both osk mRNA and Short Osk, the isoform
active in pole plasm assembly, at the posterior pole. In the
absence of anchoring by Long Osk, Short Osk disperses into
the bulk cytoplasm during late oogenesis, impairing pole cell
formation in the embryo. In addition, the pool of untethered
Short Osk causes anteroposterior patterning defects, owing
to the dispersion of pole plasm and its abdomen-inducing
activity throughout the oocyte. We found that the N-terminal extension of Long Osk is necessary but not sufficient for
posterior anchoring, arguing for multiple docking elements in
Oskar. This study reveals cortical anchoring of the posterior
determinant Oskar as a crucial step in pole plasm assembly
and restriction, required for proper development of
Drosophila melanogaster. (Vanzo and Ephrussi, 2002)

shown that flies bearing the weak mutation orbme/localize osk
transcripts with a shortened poly(A) that fails to enhance osk
translation, resulting in reduced Osk levels and posterior
patterning defects. We conclude that Orb-mediated cytoplasmic polyadenylation stimulates osk translation to achieve
the high levels of Osk protein necessary for posterior patterning and germline differentiation. (Castagnetti and
Ephrussi, 2003)

Regulation of oskar and gurken by
Bruno

Par-I kinase is critical for polarization of the Drosophila
melanogaster oocyte and the one-cell Caenorhabditis e/egans
embryo. Although Par-I localizes specifically to the posterior pole in both cells, neither its targets nor its function at the
posterior pole were understood. We have shown that
Drosophila Par-I phosphorylates the posterior determinant
Osk and demonstrated genetically that Par-I is required for
accumulation of Osk protein. We have found that Osk protein is intrinsically unstable in cell-free extracts and that it is
stabilized after phosphorylation by Par-I. Our data indicate
that posteriorly localized Par-I regulates posterior patterning by stabilizing Osk (Riechmann et al. 2002).

Regulation of posterior patterning by
Par-I-mediated phosphorylation and
stabilization of Oskar
(Veit Riechmann and Paolo Filardo, in collaboration
with Gustavo Gutierrez and Angel Nebreda,
Developmental Biology Programme - EMBL)

(Paolo Filardo)
Translational regulation of localized transcripts is a powerful
mechanism to control the precise timing and localization of
protein expression within a cell. In the Drosophila germline,
osk transcript must be translationally repressed until its
localization at the posterior pole of the oocyte, as ectopic
production of Osk causes severe patterning defects.
Translational repression of osk mRNA is mediated by the
RNA-binding protein Bruno, which binds to specific motifs in
the osk 3'UTR. We have shown that Bruno over-expression
causes defects in antero-posterior and dorso-ventral patterning, consistent with a role of Bruno in both osk and
gurken (grk) mRNA regulation. We have also shown that
Bruno and grk interact genetically. Finally, we demonstrated
that Bruno binds specifically to the grk 3'UTR and that the
dorso-ventral defects caused by Bruno over-expression are
due to a reduction of Grk levels in the oocyte.We conclude
that Bruno plays similar roles in translational regulation of
grk and osk (Filardo and Ephrussi, 2003).

Establishment of polarity by fusome
and microtubule-enriched Par-I
kinase in the oocyte
(Thomas Vaccari)
After its specification, the Drosophila oocyte undergoes a
critical polarization event that involves a reorganization of
the microtubules (MT) and relocalization of the determinant
Orb within the oocyte. This polarization requires Par-I
kinase and the PDZ-containing Par-3 homolog, Bazooka
(Baz). Par-I has been observed on the fusome, which degenerates before the onset of oocyte polarization. How Par-I
acts to polarize the oocyte has been unclear.We have shown
that Par-I becomes restricted to the oocyte in a MT-dependent fashion after disappearance of the fusome. At the time
of polarization, the kinase itself and the determinant
BicaudalD (BicD) are relocalized from the anterior to the
posterior of the oocyte. Par-I and BicD are interdependent
and require MT and the minus end-directed motor Dynein
for their relocalization. We have found that baz is required
for Par-I relocalization within the oocyte and that the distributions of Baz and Par-I in the Drosophila oocyte are complementary and strikingly reminiscent of the two PAR proteins in the C. e/egans embryo.We propose that, through the
combined actions of the fusome,
and Baz, Par-I is selectively enriched and localized within the oocyte, where, in
conjunction with BicD, Egalitarian (Egl), and Dynein, it acts on
the MT cytoskeleton to effect polarization (Vaccari and
Ephrussi, 2002).

Role of Orb and a long poly(A) tail
in oskar translational regulation
(Stefania Castagnetti)
During Drosophila oogenesis, the posterior determinant,
Osk, is tightly localized at the posterior pole of the oocyte.
The exclusive accumulation of Osk at this site is ensured by
localization-dependent translation of osk mRNA: translation
of osk mRNA is repressed during transport and activated
upon localization at the posterior cortex. Previous studies
have suggested that osk translation is poly(A)-independent.
We have shown that a long poly(A) tail is required for efficient osk translation, both in vivo and in vitro, but is not sufficient to overcome BRE-mediated repression. Moreover, we
have shown that accumulation of Osk activity requires the
Drosophila homologue of Cytoplasmic Polyadenylation
Element Binding protein (CPEB), Orb. As posterior localization of osk mRNA is an essential prerequisite for its translation, it was critical to identify an allele of orb that does localize osk mRNA to the posterior pole of the oocyte.We have
7S
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This group also belongs to the Gene Expression Programme.

Tissues develop by a series of successive steps, which include
cell fate determination, proliferation, migration and differentiation. These events are highly regulated to ensure the
resulting tissue contains the correct number and type of
cells, at the correct location within the embryo.We are using
muscle development in Drosophila as a model system to
study how these processes are regulated during organogenesis.

tified groups of genes expressed in particular tissues (muscle, eye), and genes involved in specific biological and biochemical processes.

The first step in gaining a comprehensive insight into the
genetic controls of muscle development is to identify all the
genes that are required during key developmental periods.To
this end we are combining genomic and genetic approaches
to understand firstly what genes are expressed during specific steps of muscle development and secondly how these
genes work together to form transcriptional networks that
produce muscles with unique sizes and locations. Of particular interest is the regulation of myoblast specification and
myoblast fusion.We have developed a system to readily analyze the gene expression profile of Drosophila homozygous
mutant embryos. Using this approach the transcription patterns of normal embryos were compared to embryos that
lack all muscle or, alternatively, that have ectopic myoblasts,
at different developmental stages. This approach successfully
identified hundreds of new genes involved in muscle development, including three new muscle specific transcription
factors.
During 2002 our work has focused on two main goals.
Firstly, to determine the transcriptional profile during the
entire Drosophila Iifecycle. As muscle development occurs
twice in Drosophila this study has given us new insights into
how this process is regulated. Secondly, to identify genes that
are specifically enriched in different types of myoblasts.

Gene expression during the life cycle
of Drosophila melanogaster
The transcriptional profiles for about one-third of the
Drosophila genes were analysed throughout the life cycle,
from fertilization to aging adults. cDNA microarrays were
used to analyze RNA profiles in 74 samples from wild-type
flies representing 66 sequential time periods beginning at fertilization and spanning the embryonic, larval and pupal periods. This study defines major characteristics of the transcriptional programs that underlie the life cycle and lead to
the identification of a large group of genes that are differentiately expressed between males and females. We also iden-

Figure I. Muscle progenitors are specified from segmental
groups of cells and undergo fusion to form a multinucleated
myotube. The myotube sarcomeres become assembled and
organized during differentiation, pushing the nuclei to the periphery.
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Regulation of founder and fusioncompetent myoblast differentiation

Drosophila muscles originate from the fusion of two types of

myoblasts, founder cells (FCs) and fusion-competent
myoblasts (FCMs). To better understand muscle diversity and
morphogenesis, we compared the expression profiles of
embryos that were genetically enriched in FCs or FCMs.This
study identified 83 new genes that are differentially expressed
between these two types of myoblasts.The role of a subset of
these new muscle genes was further validated by confocal
analysis and loss of function mutations. Work in the next year
will focus on an in-depth analysis of one of these new genes,
which is likely to be involved in myoblast fusion.
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Characterization of the Esc-E{z)
complex

In eukaryotic cells, specific proteins bind to cis-regulatory
sequences of genes to activate or repress their transcription. Activators typically function by recruiting general transcription factors and, ultimately, RNA polymerase to the
transcription start site. The need for repressors arises in
cells where genes must stay inactive even though their activators are present. The transcriptional state of a gene in a
particular cell is thus usually determined by the presence or
absence of appropriate activator and repressor proteins in
that cell. However, during the development of both animals
and plants, transcription factors that determine on/off states
of particular target genes are often only present transiently,
whereas the established transcriptional state of the target
gene needs to be maintained during subsequent development, in the absence of these factors.

In collaboration with the group of Jeff Simon at the
University of Minnesota and the group of Bob Kingston in
the Department of Genetics at Harvard Medical School, we
characterized the Esc-E(z) complex.We established that this
complex contains Extra sex combs (Esc), Enhancer of zeste
[E(z)], NURF-55 and Suppressor of zeste 12 [Su(z) 12], the
product of a novel PcG gene that we recently identified by
genetic approaches (Birve et 01., 200 I). A recombinant complex reconstituted from these four proteins possesses histone methyltransferase activity and methylates lysine 27 of
histone H3 in vitro. Our in vivo studies showed that this
methyltransferase activity is strictly required for the silencing of HOX genes. These results identify E(z) as the first PcG
protein with an enzymatic activity and implicate histone
methylation as an important step in PcG-mediated silencing.

The regulation of HOX gene expression in Drosophila provides a paradigm for studying how such heritable transcriptional states are propagated through time and cell division.
Genetic studies identified two groups of genes that are
responsible for maintaining appropriate transcriptional
states of Drosophila HOX genes, after the initial on/off decisions are made by transiently acting factors in the early
embryo. Products of the Polycomb group (PcG) genes maintain the silenced state of HOX genes, whereas proteins
encoded by trithorax group (trxG) genes maintain their
active state. Most of the known PcG and trxG genes were
identified due to mutant phenotypes that suggested that
their protein products are needed for the regulation of multiple HOX genes. Many PcG and trxG genes have been
cloned over the past years and most of them were shown to
be chromatin-associated proteins. Although there is evidence that several of these proteins exist in multiprotein
complexes, the composition of these complexes and their
biochemical activities are largely unknown. Characterization
of PcG and trxG protein complexes and mechanistic studies
of their activities are therefore essential for understanding
how heritable transcriptional states are propagated through
DNA replication and mitosis. Our lab is concentrating on
the analysis of PcG protein complexes and our efforts in
2002 have been focused on:

Analysis of pho-like, a novel DNAbinding PcG protein
Among the 15 known PcG proteins in Drosophila,
Pleiohomeotic (Pho), a protein related to the mammalian
transcription factor YY I, is the only known sequence-specific DNA-binding factor. Nevertheless, HOX gene silencing by
PcG protein complexes such as the Esc-E(z) complex
depends on specific cis-acting sequences in HOX genes,
called Polycomb response elements (PREs). This suggests
that PcG protein complexes are tethered to PREs by DNAbinding proteins such as Pho.
Work by Cornelia Fritsch previously showed that Pho binds
to a PRE of a Drosophila HOX gene and that binding of Pho
to this PRE is essential for PRE-mediated silencing (Fritsch et
01., 1999). In collaboration with the group of Judy Kassis at
NIH, we characterized pho-like, a gene that we first identified
in the Drosophila genome due to its sequence similarity with
pho. In DNA-binding assays, Pho-like binds the same DNA
sequence like Pho. We generated mutations in pho-like and
our genetic analyses demonstrated that pho and pho-like are
critically required for HOX gene silencing but that they act
redundantly. These results resolve a puzzling aspect about
the role of Pho in HOX gene silencing, the question why
mutations in Pho protein binding sites in a PRE lead to a
complete loss of silencing whereas pho single mutants show
only a mild PcG phenotype.

• characterizing the composition and enzymatic activity of a
Drosophila Esc-E(z) complex
• analysis of Pho-like, a novel DNA-binding PcG protein
• establishing the TAP strategy for isolating protein complexes from Drosophila embryonic extracts
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An intriguing finding of this study was the observation that
chromatin-binding of the PcG proteins E(z), Posterior sex
combs (Psc), Polycomb (Pc), Polyhomeotic (Ph) and Sex
combs on midleg (Scm) on polytene chromosomes is largely
unperturbed in pho-like, pho double mutants. This result challenges the proposal that Pho and Pho-Iike function as DNAbinding anchors of the Esc-E(z) complex or of Polycomb
repressive complex I (PRC I) which contains the Pc, Psc, Ph
and Scm proteins.
Finally, in the same study we also analyzed the role of GAGA
factor (GAF) and of Zeste, a DNA-binding protein associated
with PRC I. Other groups had proposed that these two proteins function in PcG-mediated silencing of HOX genes. By
analyzing GAF and Zeste null mutants and by testing the function of GAF and Zeste in a variety of sensitized genetic assays,
we found no evidence for the postulated role of these two
proteins in HOX gene silencing.Taken together, Pho and Pholike are thus the only DNA-binding proteins known to be
required for the long-term silencing of HOX genes. As in our

Publications during the year
Brown, J.L., Fritsch, C., Mueller, J. & Kassis, J.A. (2003). The
Drosophila pho-like gene encodes a YY I-related DNA binding protein that is redundant with pleiohomeotic in homeotic gene silencing. Development, I30, 285-294

previous study on Pho, (Fritsch et al., 1999), Cornelia Fritsch
was a major contributor to this collaboration.

The TAP strategy for purifying
protein complexes from Drosophila
embryos
PcG protein complexes have been notoriously difficult to
purify from Drosophila nuclear extracts. One of our aims has
therefore been to establish the TAP strategy for purification
of protein complexes from Drosophila nuclear extracts.To this
end we have established transgenic lines that express Pho,
Pho-like or E(z) as TAP-tagged fusion proteins. In each case,
the transgene expressing the tagged protein completely rescues animals that are homozygous for null mutations in the
endogenous gene. Purifications are under way to isolate the
tagged proteins and associated factors. This work is being performed by Tanya Klymenko.

Birve,A., Sengupta,A.K., Beuchle, D., Larsson,J., Kennison,
J.A., Rasmuson-Lestander, A. & Mueller, J. (200 I). Su(z) 12, a
novel Drosophila Polycomb group gene that is conserved in
vertebrates and plants. Development, 128,3371-3379
Fritsch, C., Brown, J.L., Kassis, J.A. & Mueller, J. (1999). The
DNA-binding polycomb group protein pleiohomeotic mediates silencing of a Drosophila homeotic gene. Development,
126, 3905-3913

Mueller, J., Hart, C.M., Francis, N.J., Vargas, M.L., Sengupta, A.,
Wild, B., Miller, E.L., O'Connor, M.B., Kingston, R.E. & Simon,
J.A. (2002). Histone methyltransferase activity of a
Drosophila Polycomb group repressor complex. Cell, I I I,
197-208

Kehle, J., Beuchle, D., Treuheit, S., Christen, B., Kennison, J.A.,
Bienz, M. & Mueller, J. (1998). dMi-2, a hunchback-interacting
protein that functions in polycomb repression. Science, 282,
1897-1900

Other references
Beuchle, D., Struhl, G. & Mueller, J. (200 I). Polycomb group
proteins and heritable silencing of Drosophila Hox genes.
Development, 128, 993-1004

80

Developmental Biology Programme

Signal transduction by MAP kinases and oocyte
maturation
Group leader:
Postdoctoral fellows:
PhD students:
Technician:
Visitors:

Angel R. Nebreda
Concetta Ambrosino*, Gateane Mace, Eusebio Perdiguero, Andrea Voegtlin*
Ana Dinarina*, Ignacio Dolado*, Gustavo Gutierrez, Laurent Perez, Giorgia Salvagiotto*
Emma Black
Anne-Marie Glynn, Florian Hennersdort Meritxell Zapater
*Indicates part of the year only

We are studying the meiotic cell cycle in Xenopus oocytes.
These cells are arrested at the G2/M border of the first meiotic division and can enter into M-phase of meiosis upon
progesterone stimulation. The meiotic maturation involves a
number of changes in the oocyte including the dissolution of
the nuclear membrane (germinal vesicle breakdown or
GVBD) and formation of the metaphase spindle. The mature
oocyte remains arrested at metaphase of meiosis II until fertilisation. Protein phosphorylation plays a major role in the
meiotic maturation of Xenopus oocytes and some of the
protein kinases activated during oocyte maturation are also
involved in somatic cell proliferation and differentiation. In
contrast with these processes however, progesteroneinduced maturation is independent of transcription, but
requires translation of specific maternal mRNAs stored in
the oocyte. The final steps in oocyte maturation involve the
activation of maturation-promoting factor (MPF), a complex
of cyclin B and the Cdk I protein kinase that triggers entry
into M-phase of the cell cycle (both in mitosis and meiosis)
in eukaryotic cells.

that the kinase activity of PKA is important for downregulation of Cdc25C activity. Consistent with this possibility, we
found that PKA can phosphorylate Cdc25 in vitro. This phosphorylation does not occur on the N-terminal 200 amino
acids of Cdc25C that includes the regulatory domain. Thus,
it looks like PKA can potentially maintain the G2 arrest of
Xenopus oocytes by two different mechanisms. One requires
PKA kinase activity and can probably downregulate Cdc25C
activity by direct phosphorylation. The other mechanism is
independent of PKA kinase activity and may work by binding
to and sequestration of a still unidentified protein (or proteins). This PKA-interacting protein is likely to be present in
limited amount in the oocyte, based on the ability of small
amounts of catalytically inactive PKA to potently block meiotic maturation. We are currently generating PKA mutants
that cannot inhibit oocyte maturation to identify relevant
interacting proteins.
During the course of our studies on the role of PKA in meiotic maturation, we found that overexpression of PKA leads
to massive Ser-IO phosphorylation of histone H3 in intact
oocytes. This phosphorylation, however, does not cause
chromosome condensation in the G2-arrested oocytes. We
also found that during the meiotic maturation, histone H3
becomes phosphorylated on Ser-IO at about the time of
Cdk I/cyclin B activation and metaphase I entry. The phosphorylation of histone H3 during oocyte maturation
requires the activation of the p42ERK MAP kinase/p90Rsk
pathway but not of Cdk I/cyclin B. Our results indicate that
in G2-arrested oocytes, which are about to enter M phase,
histone H3 phosphorylation is not sufficient for chromosome condensation.

We are also interested in signal transduction by MAP kinases in a more general context. MAP kinases are signalling
intermediaries that allow eukaryotic cells to interpret and
respond to many different stimulLWe are studying the mechanisms of activation and role of the p38 subfamily of MAP
kinases.

Inhibition of oocyte maturation by

PKA

We have cloned two isoforms of the Xenopus cAMP-dependent protein kinase (PKA) catalytic subunit, which can potently inhibit progesterone-induced meiotic maturation.
Interestingly, catalytically inactive PKA mutants can also
block progesterone-induced maturation as efficiently as the
wild-type PKA. The kinase-independent inhibitory effect of
PKA does not require binding to endogenous PKA regulatory subunits or the protein kinase inhibitor PKI. Meiotic maturation induced by Mos, an activator of the p42ERK MAP
kinase/p90Rsk pathway, or the Cdkl activators cyclin Band
RINGO are also inhibited with similar efficiency by wild type
or kinase-inactive PKA mutants. In contrast, maturation
induced by the phosphatase Cdc25C, that can directly activate Cdk I/cyclin B (pre-MPF) complexes in the oocyte, is
much more efficiently inhibited by active PKA. This suggests

Role of Xkid In meiotic progression
We identified the Xkid chromokinesin in a screen for
mRNAs that become recruited to polysomes upon progesterone stimulation of the oocytes. In collaboration with
Isabelle Vernos group (Cell Biology programme) we have
shown that Xkid is required for chromosome alignment on
the metaphase plate of spindles formed in Xenopus egg
extracts. We have also investigated the role of Xkid during
the meiotic maturation of Xenopus oocytes. In agreement
with the recruitment of Xkid mRNA to polysomes, Xkid
protein starts to accumulate at the time of GVBD
(metaphase I) and reaches its highest quantities at metaphase
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II in oocytes treated with progesterone. Using antisense
oligonucleotides, we found that both GVBD and spindle
assembly at meiosis I can occur normally in the absence of
Xkid. But Xkid-depleted oocytes cannot reactivate
Cdk I/cyclin B after meiosis I, although the p42ERK MAP
kinase/p90Rsk pathway is maintained active. Instead of proceeding to meiosis II, these oocytes enter an interphase-like
state undergoing DNA replication (which is normally
repressed during the meiotic cell cycle). Expression of either
full-length Xkid or a Xkid mutant that lacks the DNA binding domain allows Xkid-depleted oocytes to complete the
meiotic maturation.These results demonstrate that Xkid has
a role in the meiotic cell cycle, which is independent from its
role in metaphase chromosome alignment.

mammalian RINGO proteins can bind and activate Cdkl and
Cdk2. Interestingly, we have identified mammalian RINGO
proteins that differ in their ability to trigger Xenopus oocyte
maturation, suggesting that they may have different biological
roles.We are using both overexpression and loss-of-function
approaches to study the role of mammalian RINGO proteins
in cell cycle regulation.

Regulation of oocyte maturation by
p38 MAP kinases
We are investigating the role of different MAP kinase pathways in cell cycle regulation. We have found that overexpression in oocytes of a constitutively active form of the
MAP kinase kinase MKK6, a powerful and specific activator
of all known p38 MAP kinases, strongly accelerates progesterone-induced oocyte maturation. The stimulatory effect of
MKK6 correlates with the phosphorylation of endogenous
p38 MAP kinases in the oocyte but is not affected by an
inhibitor specific for the p38a and p38P isoforms. Using specific antibodies, we have identified p38y as the main isoform
activated by MKK6 in oocytes. Co-expression of MKK6 with
Xenopus p38y (but not with p38a or p38P) can induce
oocyte maturation in the absence of progesterone stimulation. Maturation induced by p38y is independent of the p42
ERK MAP kinase/p90Rsk pathway but can be inhibited by
PKA. Overexpression of dominant negative forms of either
p38y or MKK6 inhibits progesterone-induced oocyte maturation suggesting a role for this pathway in the physiological
maturation process. We are investigating the mechanisms
underlying the positive effect of Xp38y in the meiotic G2/M
phase transition.

Cell cycle regulation by the novel
Cdk-activator RINGO
RINGO is a novel protein that can trigger meiotic G2/Mphase progression of Xenopus oocytes in the absence of
progesterone stimulation. RINGO can bind and activate both
Cdk I and Cdk2 but has no amino acid sequence homology
to cyclins, the typical regulatory and activating subunits for
most Cdks. Biochemical studies indicate that activation of
Cdk/RINGO complexes does not require phosphorylation
of the conserved Thr located in the activation loop.
Phosphorylation of this Thr is essential for full enzymatic
activity of Cdkl and Cdk2/cyclin complexes. In addition,
RINGO-activated Cdks are less sensitive to inhibitors of
Cdk-cyclin complexes, such as Tyr 15 phosphorylation or
association with the p21 Cip I inhibitor. The Cdk/RINGO
complexes might therefore be active under conditions
where cyclin-bound Cdks were inhibited and hence play different regulatory roles. Thus, the RINGO-activated Cdk I or
Cdk2 generated in response to progesterone would not be
affected by negative regulators present in the G2 oocyte and
would be able to trigger the maturation process.

Signalling by p38 MAP kinases In
mammalian cells
p38 MAP kinases play an important role in the regulation of
cellular responses to all kinds of stresses.The most abundant
and broadly expressed mammalian p38 MAP kinase is p38a,
which can also control the proliferation, differentiation and
survival of several cell types. We are using cell lines that do
not express p38a (derived from p38a knockout mice) to
study the role of this signalling pathway in the regulation of
proliferation and apoptosis. We have found that both cardiomyocytes and fibroblasts lacking p38a are more resistant
to apoptosis induced by different stimuli. The reduced apoptosis of p38a-deficient cells correlates with decreased
expression of the apoptosis-inducing receptor Fas/CD-95.
Cells lacking p38a also show reduced levels of the pro-apoptotic protein Bax.We are investigating the interplay between
p38a and other signalling pathways involved in the regulation
of apoptosis.

Experiments using antisense oligonucleotides indicate that
expression of endogenous RINGO protein is necessary for
G2-arrested oocytes to enter into M-phase of meiosis. We
have found that RINGO protein starts to accumulate in the
oocyte soon after progesterone stimulation and reaches its
highest levels at about the time of metaphase I. But the levels of RINGO in the oocyte are strongly reduced after
GVBD, in contrast with other proteins such as Mos, B-type
cyclins and Xkid, that are still present at high levels in
metaphase II. We have evidence indicating that the degradation of RINGO could also play an important role in meiotic
progression. Overexpression of recombinant RINGO is sufficient to allow the oocyte to enter into metaphase I, but
these oocytes are usually unable to complete meiotic maturation and to arrest at metaphase II. Conversely, RINGO
degradation seems to be impaired by drugs, such as the protein synthesis inhibitor cycloheximide, that interfere with
meiotic progression.We are investigating the molecular basis
for the timely accumulation and degradation of RINGO protein during oocyte maturation.

We have investigated compensatory mechanism affecting the
expression and activity of p38 MAP kinase isoforms and
their activators in p38a-/- cells. One striking difference that
we observed in the absence of p38a is the up-regulation of
the MAP kinase kinase MKK6. In contrast, the expression
levels of the other p38 activators MKK3 and MKK4 are not
affected in p38a-deficient cells. The increase in MKK6 protein concentration correlates with increased amounts of

We are also characterising mammalian homologues of
Xenopus RINGO. Preliminary experiments confirmed that
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the MKK6 mRNA can differentially regulate the stability of

MKK6 mRNA in the p38a-/-cells. Pharmacological inhibition
of p38a also upregulates MKK6 mRNA levels in HEK293
cells. Conversely, re-introduction of p38a in p38a-/- cells
reduces the levels of MKK6 protein and mRNA to the normal level of wild-type cells. We also found that the MKK6
mRNA is more stable in p38a-/- cells and that the 3'UTR of

the lacZ reporter gene in a p38a-dependent manner. These
results indicate that p38a can negatively regulate the stability of the MKK6 mRNA and thus control the steady-state
concentration of one of its upstream activators.
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genic wave, which depends on the hedgehog and atonal genes.
We have found that hh signaling also regulates ath5 expression in the zebrafish retina. Low levels of hh signal activate
ath5 transcription, while high levels repress it, strikingly similar to the regulation of atonal by Hh in Drosophila. We have
also found that all differentiated cell types born in the neural retina depend on hh signaling, indicating that this signaling
pathway is of central importance in directing retinal differentiation in the zebrafish.

Signaling between cells plays a central role in generating spatial pattern during the development of multicellular animals.
We are interested in understanding the role of intercellular
signaling in controling several aspects of vertebrate organogenesis, and address these questions using the zebrafish as a
model system. The zebrafish offers a number of experimental advantages for addressing these questions in a vertebrate
system (Neumann, 2002). Our work can be divided into two
main projects: on the one hand, we study cell-cell signaling in
the development of the paired fins, which are homologous to
the limbs of land vertebrates, and on the other hand we
study the development of the retina, which forms part of the
central nervous system.

Early events in vertebrate limb
development
Like the limbs of land vertebrates, the paired fins of zebrafish
develop from buds that arise from the lateral plate mesoderm. The development of vertebrate limb buds is triggered
in the lateral plate mesoderm by a cascade of genes including members of the fgf and wnt families, as well as the transcription factor tbx5. Fgf8, expressed in the intermediate
mesoderm, is thought to initiate limb formation by activating
wnt2b, which then induces the expression of tbx5 in the adjacent lateral plate mesoderm.Tbx5, in turn, is required for the
activation of fgflO, which relays the limb inducing signal to
the overlying ectoderm. We have found that the zebrafish
fgf24 gene, which belongs to the Fgf81 171 18 subfamily of Fgf
ligands, acts downstream of tbx5 to activate fgflO expression
in the lateral plate mesoderm. This finding reveals an additional level of Fgf signaling involved in vertebrate limb initiation, and indicates that the genetic programme controling
this process is more complex than hitherto imagined.

The role of hedgehog signaling in
regulating neurogenesis in the retina
(Alena Shkumatava)
The zebrafish retina is a relatively simple part of the eNS,
and very well suited for investigation, due to ist accessibility
to various techniques of experimental manipulation
(Neumann, 200 I). Neurogenesis in the retina occurs in several waves of differentiation. The first neurogenic wave generates ganglion cells, and depends on hedgehog (hh) signaling
activity, and on the transcription factor atonal homologue 5
(ath5). This is very similar to the Drosophila retinal neuro-

Figure I. Cells expressing sonic hedgehog (shh) in the zebra(ish
retina, visualized with a transgenic line expressing GFP under the

control of the shh promoter. GCL: ganglion cell layer. INL: inner
nuclear layer. RPE: retinal pigmented epithelium.
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During animal development, many cells migrate from one
place to another in order to perform their biological function. Cell migration is a complex process involving dynamic
interactions between migrating cells and the tissue through
which they migrate. In order to migrate, cells change shape
and adhesion properties, become invasive and motile. They
must also read guidance cues provided by the target tissue
that tell them where to go and when to stop.Within the cell,
the guidance signal must be transmitted into polarized, or
directed, cell behavior.

JAK-STAT pathway appears to be the critical first step in
border cell specification, defining where in the follicular
epithelium border cells will form.

Initiation of migration by guided
growth of long cellular extensions
(Tudor Fulga)
The migration of border cells through the germ line cluster
(nurse cells) is an invasive migration. At the initiation of
migration, the border cell cluster emits a single, very long
cellular extension (LCE), 20 to 40 microns in length (Figure
2). Formation of this LCE requires directional signaling via
the guidance receptors - it also requires specific adhesion to
the substratum via DE-cadherin. Manipulation of the actinmyosin interactions uncouples LCE growth from actual
movement of cells. We have found evidence that the LCE
may exert a pulling force on the substratum.Thus this migration may be initiated by a "grapple and pull" mechanism. Or,
the LCE may serve as a tether for the subsequent migration
step. This cellular mechanism of migration does not seem to
be unique to border cells: similar structures can be observed
in migrating cells in vertebrate embryos. For invasive cell
migration, it may be advantageous for guidance to act on an
LCE rather than the cell body or a large lamellipod, as it is
thin and can progress far until sufficiently strong adhesion
and tension is achieved. LCE-like structures are analogous to
axons in certain respects. The tip of the LCE resembles a
growth cone with many small filopodia emanating from it,
and may be guided by a similar mechanism. However, axons
are stabilized structures with polarized microtubules which is not seen in LCEs. In contrast to the axon, the LCE
maintains actin-myosin-based tension within it and eventually contracts.The similarity between LCE formation and axon
growth may reflect that the cells are initially stationary and
constrained by the tissue in both cases. Mature neurons stay
where they are and firmly stabilize the extension; migratory
cells follow the extension instead.

Understanding cell migration is also important for cancer
biology, as acquisition of invasive migratory behavior leads to
tumor cell metastasis.
To analyze cell migration at the molecular and cellular level
in vivo, we have been studying a specific migration event in
Drosophila: the migration of border cells in the ovary. At a
specific time during oogenesis, 8 cells, called border cells,
delaminate from a mono-layer epithelium of somatic cells
and migrate between germ line-derived nurse cells to the
oocyte. We investigate the genetic and cellular basis of this
migration in order to answer two basic questions: how do
(stationary) cells become migratory and, once migratory,
how do they perform a directed migration in vivo.

Induction of border cell fate by
activation of the JAK-STAT pathway.
(Simone Beccari)
Drosophila Stat92E (Signal transducer and activator of transcription) was identified in a screen performed in the lab.
Based on clonal analysis of Stat92E and hop (Drosophila JAK)
mutants we find that the JAK-STAT pathway is required in
border cells for their migration. In the egg chamber, the activating ligand for the pathway, Unpaired, is specifically and
exclusively expressed in polar cells (Figure I). Polar cells are
specialized cells which can induce border cell fate in anterior follicle cells. On its own, ectopic expression of Unpaired
can induce ectopic expression of border cell markers including Sibo. Complete ablation of the pathway prevents border
cell specification. Thus, activation of the JAK-STAT pathway
appears both necessary and sufficient to induce border cell
fate. Some STAT mutant cells fail to migrate but express normal levels of Sibo protein, so STAT must regulate additional
targets critical for border cell migration. Activation of the

In vivo structure/function analysis of
DE-cadherin

(Anne Pacque/et, with help from Li Lin)
Homophilic cell adhesion mediated by classical cadherins is
important for many developmental processes. Of particular
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Guiding border cell migration:
receptors and downstream signaling

interest to our work, DE-cadherin appears to be responsible
for dynamic adhesion of migrating border cells to the substrate (nurse cells). Proteins which interact with the cytoplasmic domain of cadherin, in particular the catenins, are
thought to regulate the strength and possibly the dynamics
of adhesion.
links cadherin to the actin cytoskeleton via a-catenin.The role of p 120/o-catenin proteins in regulating cadherin function is less clear. We have addressed the
importance of cadherin/catenin interactions during
Drosophila development by analyzing the ability of mutant
variants of DE-cadherin which are selectively defective in
specific interactions to substitute for endogenous DE-cadherin activity in multiple cad herin-dependent processes. As
expected, DE-cadherin which cannot interact with
catenin/armadillo did not substitute for DE-cadherin in these
processes. Surprisingly, DE-cadherin which cannot interact
with p 120ctn was able to substitute for the wild type protein in all contexts with no detectable perturbations. Thus
interaction with p 120/o-catenin does not appear to be
required for any essential DE-cadherin function in vivo.

Last year, we identified two receptor tyrosine kinases, PVR
and EGFR, as the receptors responsible for guiding border
cell migration (Duchek and R0rth, 200 I; Duchek et al., 200 I).
We are continuing to investigate signaling events downstream of PVR and EGFR at the biochemical and cellular
level (C. Luque, K. Somogyi, T. Fulga, S. Beccari).

Sibo (C/EBP) target genes - whole
genome analysis
C/EBP (Slbo) is a transcription factor required for border
cell migration. It also has other essential functions during
development which we would like to understand. To identify
target genes C/EBP in the embryo, we are taking a "genomics
approach", so far using DNA microarrays of Drosophila
cDNAs (L. Teixeira).

We are continuing to investigate which interactions are
required, and which need to be regulated, for DE-cadherin to
support border cell migration as well as other developmental processes.

Polar cells
Border cells

To identify Sibo target genes in border cells - and STAT target genes (see above) - we are purifying border cells and plan
to investigate the transcription profiles (L. Borghese).

Oocyte

Figure I. Specification of migratory border cells by action of the
JAK-STAT pathway. Upd is a secreted molecule produced exclusively by the polar cells during oogenesis. It binds to a receptor in
adjacent cells (called Domeless, not shown), leading to the activation of the JAK-STAT pathway in these cells. Activation of the STAT
transcription factor is an essential step, and apparently the first
step, in border cell specification.

Figure 2. Cellular mechanism of border cell migration. Confocal
image of a cluster of border cells (indicated) initiating their migration. Also indicated is the long cellular extensions (LCE) emitted
from these cells in the direction of the subsequent migration.
Border cells migrate between the giant nurse cells (cells shown in
outline) to the oocyte.
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Tyrosine phosphorylation is a pivotal postranslational modification in the regulation of cellular events. Dysfunction of
cellular phosphorylation is associated with a variety of
human diseases, from cancer to diabetes. Clearly, a high
degree of specificity is required to ensure ordered and
meaningful signalling. Because tyrosine phosphorylation is a
critical feature in proteins and precedes significant changes in
the property of the target protein, it would be extremely
useful to be able to predict phosphorylation sites. Specificity
is thought to rely partly in the substrate specificity of the
catalytic domains of the individual kinases as well as in the
protein-protein interaction property of the whole molecules. Tyrosine phosphorylation is a hallmark of metazoans
and is associated with a variety of cellular processes directly or indirectly linked to environmental clues. It goes hand in
hand with regulated protein interactions through the action
of dedicated small modular domains that interact with phosphotyrosine.

regulation is an intrinsic property of the molecule. Work in
the laboratory has shown that autoregulation of c-Abl is
mediated by the interaction of the N-terminal 80 residues
and the rest of the protein.We call this region the "cap".The
presence of this N-terminal "cap" is required to achieve and
maintain inhibition. Loss of the "cap"-mediated regulatory
mechanism turns c-Abl into an oncogenic protein. The
absence of the autoinhibitory "cap" in all BCR-Abl forms and
the inhibitory effects upon its reintroduction suggest a new
molecular basis for the oncogenic conversion of this longstudied and medically important gene.
In collaboration with John Kuriyan's laboratory in Berkeley,
we are now concentrating on the crystal structure of the
several forms of Abl bearing the minimal regulatory functions. In parallel we are assessing the cellular mechanisms
that impinge on the relief of the various regulatory constraints. A picture of c-Abl regulation is emerging that not
only explains some of its mysterious features, but affects our
way to understand the pharmacological activity of the anticancer drug Glivec/STl57 I as well as kinase inhibitors in general.

Mechanisms of c-Abl regulation
In humans, chronic myelogenous leukemia (CML) and a subset of acute lymphocytic leukemia (ALL) are causally linked
to the presence of the Philadelphia chromosome, which is
the result of a translocation between chromosome 22 and
chromosome 9. In this translocation, sequences of the first
exon of the c-Abl tyrosine kinase gene (ABLI) are replaced
by sequences from the BCR gene. Dependent on the cell
type, BCR-Abl expression results in enhanced proliferation,
morphological transformation, or abrogation of growth factor or adhesion dependence. The common feature critical
for all the biological effects of BCR-Abl is its constitutively
high levels of tyrosine kinase activity derived from the catalytic domain in its ABL I moiety. The small molecular
inhibitor of BCR-Abl catalytic activity, ST1571, binds to the
ATP-binding pocket of the catalytic domain, but also interacts with less conserved regulatory structural elements,
affecting their function. STI571 is proving to be a very promising therapeutic agent in clinical trials. Contrasting this pharmacological inhibition, is our lack of knowledge on the mechanism that is responsible for the natural inhibition of the cellular form of the enzyme. We have found inhibition of the
catalytic activity of purified c-Abl in vitro, demonstrating that

A nuclear tyrosine phosphorylation
circuit
The c-Abl tyrosine kinase is among the few tyrosine kinases
to localize both to the nucleus and cytoplasm of cells. In
dependence on its localization, both positive and negative
effects of growth and apoptosis have been proposed. In previous years, we found that the c-Jun transcription factor can
activate c-Abl in the nucleus. c-Jun becomes a nuclear substrate of Abl. After c-Jun is phosphorylated by Abl on tyrosine 170, the two proteins interact via the SH2 domain of
Abl. Accumulation of c-Jun protein in the nucleus resulted in
Abl activation and activation of the JN K stress-activated protein kinase. Recent work has shown that c-Jun dimerisation
over the leucine zipper is essential for the ability of c-Jun to
activate Abl. We had shown previously that c-Abl becomes
active through trans-autophosphorylation of its catalytic
domain. We believe that two c-Jun molecules cause c-Abl
dimerisation and activation. This mechanism represents
novel mechanism for c-Abl activation and is an important
piece in this nuclear regulatory puzzle.
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To further understand the early events in pituitary induction
we have searched for novel factors with expression pattern
that suggest a possible involvement of these factors in the
pituitary induction process. We have cloned a novel transcription factor related to the Zic/Gli family that we have
named P-GliRF (Pituitary Gli related factor). The specific
expression pattern within the hypothalamic-pituitary axis
suggests a possible role of P-GliRF in pituitary organogenesis. To address the role of P-GIiRF in pituitary induction we
have characterized the P-GliRF locus and generated a targeted allele of the gene by homologous recombination in
mouse embryonic stem cells.

Our main interest is twofold; first we would like to understand the development of organs during mammalian
embryogenesis, and second we are interested in how energy homeostasis is maintained in a mature mammal through
hormones.The hypothalamic-pituitary axis in the mouse provides us with a model system that allows us to study both
questions.

The role of P-GIiRF in pituitary
organ induction
Pituitary gland development serves as an excellent model
system to address two of the central questions in mammalian organogenesis: where does an organ become determined within a common primordium, and how are the different cell types subsequently appearing.

Regulation of energy homeostasis In
the hypothalamus
The hypothalamus is at center stage when it comes to regulation of food intake and energy expenditure. But other key
functions like circadian rhythm, stress response and, most
recently, bone biology also have their control centers within
the hypothalamus. Output through the neuroendocrine system, as well as the autonomic nervous system, allows these
centers to influence body physiology.

The pituitary gland originates through the interaction of two
different ectodermal tissues, the neural and oral ectoderm.
The neural ectoderm gives rise to the posterior pituitary,
whereas part of the oral ectoderm will develop into the
anterior and intermediate pituitary gland containing at least
six distinct cell phenotypes. The pituitary cell types express
and secrete a series of trophic hormones which appear in
distinct temporal and spatial patterns between day 14.5-16.5
of mouse embryogenesis. Corticotropes secrete adrenocorticotropin hormone (ACTH); melanotropes secrete
melanocyte-stimulating hormone (MSH); thyrotropes
secrete thyroid-stimulating hormone (TSH); gonadotropes
secrete luteinizing hormone (LH) and follicle-stimulating
hormone (FSH); somatotropes secrete growth hormone
(GH); and lactotropes secreting prolactin (Prl). LH, FSH, and
TSH are heterodimers sharing a common a-glycoprotein
subunit (aGSU) and a specific

Initially, this has been demonstrated through the effects that
discrete lesions within different brain regions have on these
various functions. For example, lesions in the lateral hypothalamus or feeding center lead to decreased food intake
and weight loss, whereas lesions in the ventromedial and
arcuate nuclei, or satiety center, produce hyperphagia and
obesity.Two major cornerstones provide the molecular basis
for these observations, the melanocortin system and leptin
and its receptors. Nevertheless, it has become more and
more clear that many additional unknown factors must
come into play to integrate all the observed pharmacological
and genetic findings. This has vastly stimulated the search for
novel regulators of energy balance.

Recent work has begun to unravel general mechanisms of
pituitary organ induction based on defining the obligatory
interactions between the neural and oral ectoderm as a prerequisite for pituitary gland formation. Exploring the role of
SHH in pituitary organogenesis has further elucidated the
early complementary and reciprocal Signaling events involved
in pituitary development, suggesting a model where the
interplay of several classes of signaling molecules including
SHH, BMP4, and FGF8/FGF I0, is responsible for the induction and patterning of a mammalian organ. It appears that the
exclusion of Shh from the primordium of organs that arise
by budding morphogenesis may be a common, but clearly
not universal, strategy, through which organ size later
becomes determined.

In addition, the neuroendocrine part of the hypothalamus
regulates via the pituitary gland several metabolic processes
and peripheral endocrine organs including the thyroid, the
gonads and the adrenal gland.
During the last year we have focused our efforts on a novel
transcription factor that displays a hypothalamus restricted
expression pattern. We have generated mice with a targeted
deletion of this transcription factor. These mice display a diet
induced obesity phenotype. We could localize the defect in
the arcuate nucleus of the hypothalamus and currently try to
understand the role of this transcription factor in the regu91
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lation of different neuropeptides involved in enery homeostasis.

Indeed, recent work has shown that P-Frk now called

Modelling human diseases In mice

forkhead/winged-helix transcription factors is indeed mutat-

FOXL2

according

to

the

new

nomenclature

for

ed in BPES. Using a positional cloning approach it was shown

We have previously cloned a novel forkhead/winged-helix
transcription factor P-Frk that is expressed during pituitary
development (Treier et al., 1998).

that only one allele of FOXL2 is mutated in affected families
consistent with a dominant trait to produce truncated proteins in BPES type I families and larger proteins in type II fam-

The forkhead/winged-helix family of transcription factors
contain a characteristic DNA-binding domain of 100 amino
acids, originally identified in the Drosophila melanogaster forkhead gene and the rat hepatocyte nuclear factor 3/HNF-3.
Forkhead proteins are found in all eukaryotes and serve
important functions during development and several of them
have been implicated in tumorigenesis.

ilies. Interestingly, in type I families all the mutations found
are nonsense mutations leading to truncated proteins most
of them after the forkhead DNA binding domain.These truncated proteins may either represent loss of function alleles
or work as dominant-negative versions as most maintain an
intact DNA binding domain. In contrast in type II families an

P-Frk was mapped to mouse chromosome 9 (our unpublished results) in a region synthetic to human chromosome
3q23. The chromosomal localisation of the gene combined
with the obtained in situ expression pattern of P-Frk during
mouse development suggested that P-Frk maybe a good candidate gene for the human Blepharophimosis/Ptosis/
Epicanthus Inversus syndrome (BPES).

in frame duplication leads to an extension of a poly-alanine
domain which may have a less marked effect leading to the
hypomorphic phenotype observed.
We have generated a mouse strain with an inactivated PFrk/FOXL2 allele and have undertaken a preliminary phenotypic analysis. P-Frk/FOXL2 deficient mice show all the char-

The human Blepharophimosis/Ptosis/Epicanthus Inversus
syndrome (BPES) type I (MIM I 10 I 00) is an autosomal dominant disorder phenotypically characterised by a dysplasia of
the eyelids associated with premature ovarian failure (POF)
in females.

acteristics of the human BPES syndrome. The goal now is to
study one form of female infertility, premature ovarian failure
(POF), on the molecular level using a mouse model for the
human BPE syndrome.
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Six3 and its role in the establishment
of retinal identity

Vertebrate eye development is one of the paradigms for vertebrate organ formation. It starts at late gastrula stages with
the determination of an epithelial anlage, the eye field, at the

(Matthias Carl, Felix Loosli)

anterior end of the forming body axis. The eye field is composed of neuroectodermal (future retina) and surface ecto-

Proliferation of progenitor or stem cells is of crucial importance during several steps of eye development. First at the
early neurula stage during the establishment of retinal identity in the neuroectoderm. The homeobox containing transcription factor Six3 has been shown to act during this step
by stimulating proliferation and eventually by initiating
ectopic eye formation. Its function has been addressed by
overexpression studies in Drosophila, medaka, zebrafish,
Xenopus and mouse, a fact that illustrates the great interest
in this gene. However, "loss of function" analysis was lacking
so far.

dermal (future lens and cornea) derivatives. After the initial
determination and the split of the eye field,the optic vesicles
form by proliferation and specific morphogenetic movements to evaginate from the lateral wall of the forebrain.
Eventually the neural differentiation in the neuroretina leads
to the formation of the layers characteristic for the vertebrate retina and the ganglion cells project their axons to
their target areas in the midbrain.
Once retinal identity is established the eye field is split and
signals emanating from the ventral midline establish an initial

We used morpholino mediated gene knock down to inactivate Six3 function in medaka as a vertebrate model system.
This leads to the complete absence of the forebrain and
eyes. This indicates the key role of Six3 for the the establishment of retinal identity. Taking advantage of the morpholino
approach we established hypomorphic conditions under
which retinal precursor cells still form and demonstrated an
additional role of Six3 in proximo-distal pattering of the
optic vesicle. Interestingly, the hypomorphic phenotypes
closely resemble human patients that are heterozygous for
mutations in the human Six3 gene, suffering from holoprosencephaly, microcephaly and microphthalmia. Thus, the morpholino approach allows modelling this human disease in
medaka.

proximo-distal patterning within the two retinal hemispheres. This process interestingly involves the functional
interaction of FGF-and hedgehog-signaling, both of which are
similarly involved in patterning along the dorso-ventral axis
at the mid-hindbrain organizer (Carl and Wittbrodt, 1999).
Early retina patterning and optic vesicle morphogenesis and
proliferation were further addressed studying the temperature sensitive mutation eyeless (el) in medaka. We had
demonstrated that medaka eyeless is a key gene linking
organ determination and growth. The phenotype is caused
by transcriptional repression of the eyeless locus encoding
the Rx3 transcription factor (Loosli et 01., 200 I).

Consistently, Six3 overexpression led to the formation of a
complete proximo-distally patterned ectopic eye primordium (Carl et 01., 2002).

Identification of the retina specific promoter elements
allowed to generate transgenic lines that express GFP in the
developing retina form earliest stages onward. This allowed

Six3 interacting molecules

set up experiments comparing wild-type and mutant eye

(Kristin Tessmar, Felix Loosli, in part in collaboration
with Javier Lopez-Rios, Paola Bovolenta, Madrid)

development in vivo.
Cell proliferation is crucially involved in several steps of early

Experiments reported from Zebrafish and Xenopus indicate
that Six3 acts a a transcriptional repressor and at the same
time stimulates cell proliferation. To identify proteins that
physically interact with Six3 and function in vertebrate eye
development we performed a "cross species" Yeast-TwoHybrid Screen using a medaka bait on a Xenopus oocyte prey
library. This screen designed to identify evolutionary con-

eye development and subsequent eye growth.We started to
address the role of cell proliferation during the establishment of retinal identity, the link between proliferation and
optic vesicle morphogenesis and the balance between proliferation from the ciliary marginal zone and differentiation of
retinal progenitor cells in the central retina.
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of wild type and el mutant
embryos. A GFP transgene driven highlighting the developing retina
was introduced into wiltype (a) and mutant embryos (b) and imaged
in vivo at early the four somite stage (stage 20). Also in the mutant
the retinal progenitor cells that fail to evaginate are labelled by the
transgene.
Figure I. GFP expression in eye field

ious steps of eye development including eye field specification and proliferation and proximal-distal patterning within
its expression domain. Geminin is able to inhibit the cell
cycle progression by sequestering Cdt I. Cdt I is necessary to
lIicensel the origins of replication at the initiation of the Sphase. Our data indicate that the interaction between
Geminin and Cdt I is efficiently competed by Six3 binding to
Geminin, revealing a transcription independent activity of
Six3 in promoting cell proliferation. Geminin overexpression
induces specific eye and forebrain defects stikingly resembling Six3 inactivation, both affecting proximal structures
more severely than the distal ones. These defects are rescued by Six3 coinjection in a mechanism that does not
require DNA binding activity of Six3. On the other hand, loss
of Geminin function (as gain of Six3 function) promotes retinal precursor cell proliferation resulting in expanded optic
vesicles. Together these data indicate that both proliferation
at the retinal precursor cells is controlled by the direct
interaction of the transcription factor Six3 with the cell cycle
machinery via Geminin.

served interactions, resulted in a number of specifically interacting genes that are expressed overlapping with Six3 at various stages of eye development.
Among these interactors are two basic helix loop helix
(bHLH) domain containing proteins. Biochemical analysis
reveals that the bHLH proteins ATHS, ATH3, NEURaD as
well as ASH I interact specifically with XSix3. By defining the
interacting domains we show that the bHLH domain of
NEURaD interacts with the SIX domain of XSix3. The coexpression of the interacting molecules during late retina
determination/differentiation suggests a new role for Six3
and the respective interaction partner also in these late
steps of eye development (Tessmar et al., 2002).
In parallel we screened for factors interacting with the closely related transcription factor Six6. Both baits interacted
TLE I, a transcriptional repressor of the groucho family and
with AES, a potential dominant negative form of TLE proteins. Biochemical and mutational analysis showed that the
Six domain of both SIX3 and SIX6 strongly interacts with the
QD domain ofTLE I and AES, but that SIX3 additionally binds
TLE proteins via the WDR domain. Both interactors Tie I and
Aes are coexpressed with Six3 and Six6 in the developing
eye of the medaka embryo. Gain-of-function studies in medaka show a clear synergistic activity between SIX3/SIX6 and
TLE I, which, on its own, can expand the eye field.
Conversely, AES alone decreases the eye size and abrogates
the phenotypic consequences of SIX3/6 over-expression.
Thus both Tie I and Aes interact with Six3 and Six6 to control proliferation during early retinal development (LopezRios et al., 2002).

Optic vesicle formation:
Morphogenesis and proliferation
mediated by the transcription factor

Rx3

(Martina Rembold)
Evagination of the retinal precursor cells from the forebrain
gives rise to optic vesicles. In Medaka, mutations in Rx3, a
gene encoding a paired-class homeodomain transcription
factor, result in the absence of eyes due to a failure to initiate optic vesicle evagination (Loosli et al., 200 I). As retinal
progenitor cells are present, Rx3 seems to function specifically in the morphogenetic events that lay downstream of
early patterning.We have performed in vivo timelapse-analysis of eye morphogenesis in the Medaka wild-type and Rx3mutant eyeless. This allowed to follow individual retinal progen itor cells in vivo.

Direct control of cell proliferation by

Six3

(Filippo del Bene)
Vertebrate organogenesis requires the tight control of cell
proliferation and cell differentiation to give rise to complex
structures from a pool of pluri-potent cells. The direct physical interaction between the homeobox containing transcription factor Six3 and the cell cycle regulator Geminin
plays a major role in coordinating these two processes during vertebrate eye development. Six3 plays a key role at var-

In wild-type embryos, the eye field forms at neural plate
stage as a wide domain that converges during the formation
of the neural keel. Evagination is initiated from a center
located close to the midline at the anterior boundary Rx394
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The lamination of the neural retina is severally affected,
resulting in a salt and pepper distribution of cell types of different layers. Furthermore, the regulation of proliferation
appears to be lost in the medeka mutant retina, such that
ectopically proliferating cells are detectable. Interestingly,
other parts of the developing CNS appear to be unaffected.

expression domain and involves cell shape changes, active
migration and proliferation.Treatment of Medaka embryos at
early gastrula stages with the S-phase inhibitors hydroxyurea
and aphidicolin block the formation of eyes. Anterior movement of prospective diencephalic cells is a second morphogenetic force that drives splitting of the eye field and evagination. In eyeless mutant embryos the eyefield is formed
normally at late gastrula stage, but as the neural keel forms,
the cells exhibit reduced motility and are densely packed.
Moreover, cell shape changes do not take place, sugesting
enhanced adhesiveness and a block in the modulation of the
cytoskeleton.

In future experiments we will use the analysis of genetic
mosaics to examine whether the medeka mutation functions
in a cell autonomous manner. These experiments will also
reveal in which cell type medeka activity is required.
To identify the gene that is affected by the medeka mutation
we initiated a positional cloning approach, using highly polymorphic genetic backgrounds to narrow down the genetic
interval comprising the medeka locus.

We have successfully established protocols that allow to dissociate whole embryos and sort cells according to their GFP
fluorescence. Subtractive approaches will be taken to rapidly identify eyeless target genes.

Technological advances:
Transgenesis and enhancer trapping
in medaka

Mutants affecting eye size
(Felix Loosli)

(Clemens Grabher)

In a collaboration with several European and Japanese laboratories we participated in a large scale mutagenesis screen
of the Japanese killifish Medaka (Oryzias latipes) in the laboratory of H. Kondoh in Kyoto. This classical 3-Generation
screen was performed similar to the large scale screens in
zebrafish and mouse, using ENU as a chemical mutagen to
induce point mutations. Using morphology as a screening criterium, we isolated a number of mutations that specifically
affect eye development.

Transgenesis in fish provides a key tool to study developmental processes through the analysis of gene function or by
identification of novel genes required in embryonic development by insertional mutagenesis. Combination with in vivo
markers like GFP facilitates the analysis of gene expression
and regulation. So far, techniques widely used in mouse and
Drosophila such as enhancer- and gene-trapping, although
attempted with limited success in zebrafish and frog, have
not been widely used due to low frequency of vector integration into the fish genome.

Of particular interest is the medeka mutation Uapanese for
giant eyes, in contrast to medaka, large eyes). This recessive
larval lethal mutation results in morphologically abnormal
eyes that are hyperplastic and show a defect in pigmentation.
We have isolated two independent alleles, indicating that a
single gene is affected in the medeka mutation.

A GFP-reporter gene was flanked with the meganudease 1Scel recognition sites, and coinjected with the I-Scel enzyme
into Medaka embryos (Thermes et al., 2002). Besides efficient promoter-dependent expression in the FO generation,
the method facilitates efficient transgenesis, due to integration during very early cleavage stages. The high transgenesis
frequency and germline transmission rate allow the rapid
establishment of transgenic lines with a limited FI screening
effort.

A preliminary analysis of the histology and the expression of
molecular marker genes showed that the mutation affects
late retinal differentiation, whereas earlier steps such as
determination of the retina anlage and initial neurogenesis
are not perturbed.The expression of differentiation markers
such as Ath5 is retarded and the subsequent coordinated
progression of the differentiation wave in the retina is severally affected. However the establishment of neuronal fate per
se is not affected and initially terminal differentiation of neurons occurs in all three layers of the retina.

In an alternative approach, a GFP-reporter gene controlled
by a ubiquitous promoter was flanked by the recognition
sequences of the artificially reconstituted Sleeping Beauty
(SB) transposase (Ivies et al., 1997) and co-injected with SB
mRNA. More than 35% of the FO fish screened gave rise to
stable transgenic lines. Thus, this approach represents the

Figure 2. Enhancer trapping in medaka embryos coinjected with meganuclease and an ubiquitously
expressed reporter construct. Dorsal (A) and lateral (B)
view of a stage 33 (organogenesis) embryo, anterior to
the left. GFP expression is detected in diencephalon
(De), cerebellum (Ce) and rhombomere 3 (Rh). The specific pattern is stable now for 4 generations.
95

EMBL Research Reports 2002

increased mutagenecity as compared to classical insertional
mutagenesis and the simplified tracing of recessive mutations
in heterozygous carriers, are obvious advantages of this
method. Combined with the advantages of teleosts it provides a powerful system to study genes involved in early vertebrate development.

most potent transgenesis approach to date. Interestingly,
more than 15% of the transgenic animals exhibited enhancer
trapping effects, i.e. novel patterns that are likely due to the
integration of the transgene in the vicinity of enhancer elements. Transgenic lines with restricted expression patterns
provide useful tools for a variety of applications, including
4D-confocal analysis of a tissue of interest, mutant analysis,
enhancer or gene traps, FAC sorting of labelled cells and
production of specific cDNA libraries, all of which are currently being applied.

Evolutionary aspects of eye and
nervous system development
(Detlev Arendt, Ines Baptista)

Gene trapping

Development of larval and adult pigment-cup
eyes in Platynereis dumerilii

(Alexander Arenz, Clemens Grabher)
The forward genetic approach, mainly by chemical mutagenesis inducing point mutations has been widely and successfully used to identify novel genes. Considering the drawbacks
of chemical mutagenesis, i.e. the laborious and expensive
identification of the mutated gene involving mapping and
positional cloning, we chose to investigate the potential of a
gene trap approach as an alternative mutagenesis method in
medaka (Oryzias latipes). In a pilot screen, transposon mediated integration of the gene trap fragment into the medaka
genome upon injection of early I-cell-stage embryos was
observed at the expected frequency of 5 in 1000. We used
the Sleeping Beauty cassette containing a splice acceptorGFP reporter. Upon integration into a gene this reporter
should get spliced to the 5'-exons of the trapped gene,
resulting in a truncated, non-functional gene product and a
GFP signal revealing the expression pattern of the trapped
genes throughout development. The induction of mutations
defined and easily identifiable by the inserted sequence, the
display of the corresponding expression patterns, the

The potentially shared role of Pax6 in eye development in
insects and vertebrates supports the view that their eyes
evolved from simple pigment-cup eyes present in Urbilateria.
The annelid worm Platynereis has two distinct types of eyes,
larval and adult, that represent prototype invertebrate pigment-cup ocelli and thus resemble the presumed ancestral
eyes. The expression of evolutionarily conserved leye specification genesl in the early development of larval and adult
pigment-cup eyes in Platynereis suggests that Pax6 is dispensable for adult eye development while the sine oculis
ortholog Six I/2 from trochophora stages onwards specifically outlines the optic anlagen and thus covers both the
developing larval and adult eyes. pRNAi mediated loss-offunction analysis reveals that its function is indispensable for
larval and adult eye formation.Taken together our data allow
to propose that pax6-, six2-, and ath-positive larval eyes as
found in today's trochophora were already present in
Urbilateria (Arendt et al., 2002).
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Introduction
The programme started the year with a major disappointment. Tatyana Pestova and Christopher Hellen, who in spite
of their young ages jointly lead one of the world's best translation laboratories, should have taken up posts here at the
beginning of 2002. To our dismay they ran into difficulties in
transferring running grants to EMBL. Because the laboratory
simply did not have the financial flexibility or capacity to
compensate such an unexpected shortfall Chris and Tatyana
decided their commitments to members of their laboratory
and their own prospects for adequate funding required their
immediate return to the US. While nothing can be gained by
crying over spilt milk, it is necessary to consider whether
EMBL can maintain its international competitiveness if it continues to have to operate within such tight financial limits.
The Gene Expression Programme is a critical building block
within EMBL. The focus of the programme is however perhaps no longer very well described by its name. Rather, we
study a wide variety of biological problems and are united by
common technologies we use, since we are all interested in
understanding biological function and organisation at the
level of macromolecules and their complexes.

RNAi techniques were widely employed in the programme,
but particularly heavily used in the Izaurralde laboratory.
Characterisation of both the global and specific effects on
nuclear transport and other aspects of mRNA metabolism
of removal of individual mRNA transport factors provided
both confirmation of the generality of the roles of certain
factors. They also gave new and unexpected insight into the
specific functions of others in both nuclear export and cytoplasmic mRNA stability.
This summer saw the departure of Juan Valcarcel and his
group to Barcelona, and with them the end of a IS-year era
during which the programme had up to four separate groups
working on aspects of pre-mRNA splicing and its regulation.
Till their departure, the Valcarcel lab continued to demonstrate how much is still to be learned about both basic
mechanisms of intron removal and their regulation.We wish
Juan success in his new institute, the CRG, in his continuing
efforts in both areas.
The Akhtar and Muller groups made exciting progress in
uncovering chromatin-level mechanisms of regulation of
gene expression. Their studies of dosage compensation and
stable transmission of gene silencing both led to new insights
into Histone modification mechanisms and their varied functions. Both groups are applying biochemical, cellular and
organismal techniques to uncovering mechanistic information on Polycomb group complexes and Dosage
Compensation complexes respectively.

This interest is taking us into a variety of fascinating problem
areas in biology. The Hentze group made imaginative use of
microarray technology both in their analysis of medically relevant aspects of iron metabolism and in discovering a novel
way in which different steps in yeast gene expression are
coordinately regulated to ensure the maximal quantitative
response to changing environments.

The Schultz group, although largely chemistry-based, continues to move further into in vivo biological analyses. From cellbased studies to search for channel regulators that may help
fight Cystic Fibrosis to the design of fluorescent reporters of
the metabolism of inositol phosphates the group covers a
wide span of biology and has been much sought as a collaborator throughout all of EMBL. In fact, links between Gene
Expression and other Units of the laboratory, in part catalysed by joint appointments Uan Ellenberg, Jurg Muller and
Eileen Furlong) and fuelled by common interests and collaborations with our colleagues in the other programmes continue to make Gene Expression a hubbub of activity and a
constant source of stimulation to everyone who is part of it.

The Ellenberg group applied advanced imaging techniques to
an analysis of the dynamics of various nuclear processes, discovering spatial order in the arrangement of chromosomes
transmitted from mother to daughter nucleus and an unexpected involvement of microtubules in ripping open the
nuclear envelope at mitotic entry. Their studies of the
dynamics of individual nuclear pore complex proteins combined with the functional analysis of nucleoporins and their
interactions with transport receptors in the Mattaj lab produced new insight into the organisation and function in
translocation of the NPC.
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Discriminating U snRNAs and
mRNAs

Our studies of transport between the nucleus and cytoplasm this year largely focussed on the problem of Nuclear
Pore Complex (NPC) translocation.

We have, for many years, worked on the export from the
nucleus of the capped, RNA polymerase II-transcribed, U
snRNAs and reported last year on completion of the characterisation of the U snRNA export complex with the identification of the PHAX adaptor protein. Since this complex is
built on a platform formed when the nuclear cap-binding
complex (CBC) binds to the U snRNA it was a mystery why,
as we showed many years ago, the same export machinery
cannot be used to export capped mRNAs. By making U
snRNAs that required to be spliced via the pre-mRNA pathway, we discovered that we could fool the cell into thinking
that a U snRNA was an mRNA, at least for the purpose of
nuclear export. Further studies showed that the same identity change could be achieved by inserting 300 nt-long fragments of cRNA, or even antisense cRNA, into U I snRNA.
Recognition by the cell of these RNAs as mRNA correlated
with loss of binding of PHAX to the RNAs, suggesting that
whatever was recognising the RNAs as mRNA had the ability to either displace PHAX, or alternatively to prevent it
binding in the first place. Our current efforts are directed
toward identifying the factor or factors that confer mRNA
identity and displace PHAX from the "hybrid" U snRNAs.

Moving Xpo-t across the NPC
The tRNA export-receptor, Xpo-t is a shuttling protein, even
in the absence of RanGTP and its cargo, tRNA. At steady
state, Xpo-t is nucleoplasmic.We found that this localisation
depends on Xpo-t/RanGTP interaction, suggesting that
RanGTP helps concentrate Xpo-t in the nucleus, probably
because otherwise the high concentration of tRNA in the
cytoplasm would lead to nuclear depletion, and thus inactivation, of Xpo-t.
At the NPC, most interactions formed by Xpo-t seem to be
weak ones. However, Xpo-t binds more strongly to the
peripheral NPC proteins Nup 153, CAN/Nup214 and
RanBP2/Nup358. The CAN interaction is constitutive while
the Nup 153 and RanBP2 interactions are RanGTP-dependent. We proposed that these interactions serve the purpose
of concentrating Xpo-t at the NPC periphery, rendering its
NPC translocation more efficient.

Removing the NPC cytoplasmic
filaments
We continued our efforts to understand the function of
peripheral NPC structures in collaboration with the group
ofTerry Allen. By assembling nuclei in vitro in extracts depleted of either CAN/Nup214 or RanBP2/Nup358 we could
determine the functions of the cytoplasmic filaments. Our
first findings were that these filaments do not contain CAN,
as previously believed, but instead are probably composed
entirely of RanBP2. CAN is centrally located at the cytoplasmic opening of the central channel of the NPC. Removal
of CAN had no effect on transportin or importin
ated nuclear import. Removal of RanBP2, or of both CAN
and RanBP2, resulted in disappearance of the cytoplasmic filaments but, surprisingly, had no effect on transportin-mediated import and only a very slight effect on importin
mediated import. These results clarify years of speculation
and indirect data suggesting a critical role of these structures
in nuclear import. It remains to be determined whether
removal of the filaments will give rise to defects in nuclear
export.

Ran function in mitosis
Our previous studies of Ran function in mitosis, where we
and others had shown a requirement for Ran in both mitotic spindle assembly and in postmitotic nuclear envelope (NE)
assembly, had led us to propose a model whereby a local
high concentration of RanGTP in the vicinity of chromosomes would act as a positional marker such that the spindle and the NE form in the right location. We published a
review this year summarizing the data on which this hypothesis is based. Our thinking in this direction had been heavily
influenced by the retention of a fraction of the RCC I protein on mitotic or meiotic chromatin. This will favour
RanGTP formation near chromosomes. This year, however,
we found that Ran itself, either in the GTP- or GDP-bound
states, associates with chromatin. It does so by binding
directly to nucleosomes through interaction with Histones
H3 and H4. This binding has the potential to contribute significantly to the localisation in mitosis of RanGTP activity.
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Ran in spindle formation
Our previous in vitro studies had led to definition of Ran's
role in very early stages of meiotic spindle assembly. RanGTP
interacts with importin
ultimately releasing a protein
called TPX2. TPX2 then directly mediates local microtubule
(MT) assembly near chromosomes. These MTs are required
for meiotic spindle assembly. Animal mitotic spindles contain
many MTs that are nucleated by and attached to centrosomes, which end up at the spindle poles. The question
remained whether TPX2 would be required for the formation of this type of centrosome-containing spindle structure
in vivo. In collaboration with Isabelle Vernos' group we tackled this problem this year, and were able to clearly demonstrate a requirement for TPX2 in mitotic spindle assembly in
vivo. In the absence ofTPX2, centrosomal MTs are nucleated
but they do not make asymmetric, overlapping, chromosome-attached spindles. Instead, only astral MTs are seen.
This shows that TPX2-, and thus chromatin- and RanGTP-
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Askjaer, Galy, Hannak, E. & Mattaj, I.W (2002). Ran
GTPase cycle and importins alpha and beta are essential for
spindle formation and nuclear envelope assembly in living
Caenorhabditis elegans embryos. Mol. BioI. Cell, 13, 43554370

mediated MTs are needed not only in meiosis but also to
generate the mitotic spindle in animal cells.
This finding in itself raised a new problem.TPX2 is well conserved in vertebrates, and there is a possible homologue in
plants. However, TPX2 is not found in other species, including C. elegans and D. melanogaster. We therefore set out to
ask whether Ran would also be required in these organisms,
specifically C. elegans, for spindle assembly and NE reformation after mitosis. In short, the answer is yes.There are some
interesting differences in the requirement for RCC I in spindle assembly and NE formation but these are details compared to the overall conclusion that Ran and its cofactors
play similar roles in C. elegans and vertebrates during mitosis. We now hope to exploit this information in two ways.
First, we need to find out what substitutes for TPX2 in spindle formation. Second, we wish to utilise the genetic and
pseudogenetic (RNAi) possibilities offered by C. elegans to
identify novel components needed for postmitotic NE
assembly.
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In Drosophila melanogaster, the single male X is hyper-transcribed approximately 2 fold in comparison to females. A
number of genetic screens, scoring for male specific lethality,
have identified proteins required for dosage compensation.
Male Specific Lethal (MSL) proteins include MSL-I, MSL-2
and MSL-3, maleless (MLE) and males absent on the first
(MOF). In addition to these proteins, two non-coding RNAs,
RNA on the X chromosome, roX I and roX2 have also been
identified as members of the dosage compensation complex
(DCC). An essential histone H3 kinase,JIL-I, also associates
with the dosage compensation members. The dosage compensation complex members are found co-local ising on hundreds of sites on the X chromosome (Figure 2). The dosage
compensated X chromosome has a more decondensed
chromatin structure relative to the autosomes which correlates with hyper-acetylation of Histone H4 at lysine 16
residue (H4K 16) along the length of the X chromosome by
MOF histone acetyl transferase (HAT) (Smith et al., 2000,
Akhtar and Becker, 2000; Akhtar and Becker, 200 I) (Figure
3). We have recently shown that localisation of MOF to the

In diploid species, the dosage compensation mechanisms
have evolved to equalise for the difference in gene dosage
occurring due to unequal number of sex chromosomes
between males and females. Failure to compensate leads to
lethality early in embryo development. Dosage compensation has been actively studied in mammals, fruit flies and
worms, and interestingly each of these species tackles the
problem differently. In mammals, this is achieved by inactivation of one of the two female X chromosomes in comparison to the XY males. In Caenorhabditis elegans hermaphrodites, transcription from the two X chromosomes is
repressed by half to equalise for the expression from the
XO males. In contrast, in Drosophila melanogaster, transcription is upregulated two fold in XY males to equalise for the
expression from XX females (Figure I). A theme common
to these processes is the presence of factors that specifically decorate the compensated X chromosome and more
recent findings that chromatin modifications may play an
important role in all three processes (Lucchesi, 1998; Heard
et al., 2002).

Dosage Compensation
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Figure I. Mechanisms of dosage compensation. X-linked gene expression is equalized in males and females by either transcriptional
silencing of one of the female X chromosome relatives to males (mammals); by transcription repression so that transcription from both
X chromosome of an hermaphrodite is repressed by half relative to males (C. elegans); or by transcriptional activtion of the single male
X chromosome two-fold in comparison to females (Drosophila). The size of the X chromosome represents transcription activity.
101

EMBL Research Reports 2002

Figure 2. Localisation

of MSL proteins on the

Drosophila male X chromosome.

X chromosome is RNase sensitive, suggesting a novel role
for the non-coding RNAs in bridging the protein/chromatin
interactions (Akhtar et 0/., 2000).

stability of the complex. MSL-3 and subsequently MOF proteins join to form a functional complex on the X chromosome.

Assembly and spreading of the
Drosophila Dosage Compensation
Complex

Furthermore we have shown that MOF and MSL-3 protein
can interact directly and that interaction of MOF with MSL3 leads to specific acetylation of MSL-3 at a single lysine
residue adjacent to one of its chromodomains. We find that
the acetylation status of MSL-3 determines its interaction
with roX2 RNA. Consistent with this, we observe that localisation of MSL-3 to the X chromosome is RNA-dependent
and acetylation-sensitive. Hence, post-translational modifications appear to modulate RNA/protein interaction with in
the dosage compensation machinery (Buscaino et 0/., 2002).
Based on these findings our current working hypothesis is
that regulated acetylation of MSL-3 may provide mechanistic
explanation of how the dosage compensation complex may
spread along the male X chromosome.

Even though fundamental knowledge has been gained by the
genetic studies showing the essential nature of MSL proteins
in regulating dosage compensation process, it still poses a
challenge to dissect out the components of the DCC
machinery and study the contribution of each member within the complex at the detailed molecular level.The Drosophila
Schneider (SL-2) cells have proven a useful model system to
study the function of dosage compensation members, as they
are amenable to biochemical manipulation. All known components of the DCC with the exception of roX I RNA are
expressed in SL-2 cells (Smith et 0/.,2000; Meller et 0/.,2000).
Furthermore, in these cells, the nuclear territory of the X
chromosome can be easily visualised by immunostaining with
antibodies against dosage compensation members (Akhtar et
0/.,2000).
We have recently set up RNA interference of individual
components of the DCC in order to define the order of
complex assembly in Schneider cells. Using systematic
knockdown of individual components we show that order of
the complex assembly is conserved in SL-2 cells. MSL-I and
MSL-2 being the first members required for assembly and

Studying the function of mammalian
MOF and MSL-3 proteins
Interestingly, four of the DCC proteins (mle, mof, msl-3 and
jil-I) are known to have an orthologous gene or several
genes in mammals. The ortholog of
hMOF has been partially cloned and preliminarily characterized (Neal et 0/.
2000). hMOF protein is 70% similar to and shares the same
domain structure (chromodomain, zinc finger, acetyltransferase domain) with Drosophila mof. MSL3L I was cloned as a
candidate gene for several developmental disorders (Prakash
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et al. 1999). Like msl-3, it contains an N-terminal chromod-

tant regulatory role for these proteins (Marin and Baker

omain and a C-terminal chromodomain-like domain with a
putative leucine zipper. However, no functional studies have
been done with MSL3 LI. msl-3 orthologs have also been
found in yeast, nematodes and plants, suggesting an impor-

2000). One of the projects currently in progress is the biochemical and functional characterization of MOF and
MSL3LI proteins in mammals.

y
• ...
Entry site

MLE

MOF

MSL-3

MSL-l/MSL-2

roXl/roX2

Figure 3. Dosage compensation proteins assemble on about 35 distinct "chromatin entry sites" on the male X chromosome. The two
identified entry sites include roX I and roX2 RNA encoding genes. The assembly of a functional complex leads to hyperacetylation of the
surrounding chromatin at histone H4 lysine /6 residue followed by spreading of the complex along the X chromosome at numerous
additional sites. Dosage compensation in Drosophila leads to transcription enhancement of most X-linked genes.
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julien Bullet, Paul Enarson, Rolf Peter jansen,Anthony Leung, Tim Raemaekers, Esther Zanin
*Indicates part of the year only

This group also belongs to the Cell Biology and Biophysics Programme.
The genome of eukaryotic cells is compartmentalized inside
the nucleus. This organelle is delimited by the nuclear envelope (NE), which consists of two concentric membranes in
direct continuity with the ER. In metazoans, the NE is stabilized by the nuclear lamina, a tight meshwork of polymerized
intermediate filament proteins underlying the inner nuclear
membrane. The double membrane is perforated by nuclear
pores - large protein complexes that form aqueous channels, which allow selective traffic between nucleus and cytoplasm. Closely attached to the nuclear periphery are heterochromatic
regions
of chromosome
territories.
Biochemical and genetic studies have identified molecular
interactions between the four major structural components

dephosphorylation allows the reassembly of the interphase
nuclear architecture.
Our interest is to investigate the structural and functional
dynamics of the nucleus in intact cells including its remodeling in mitosis (Ellenberg, 2002). To this end we are using live
cell confocal microscopy to directly observe key proteins of
these dynamic processes - fluorescently tagged with GFP
and other fluorophores - in real time. Moreover biophysical
methods such as photobleaching and fluorescence resonance energy transfer allow us to combine high-resolution
characterization of nuclear remodeling with the analysis of
protein-protein interactions in situ.

chromosomes in an "open" mitosis. We have shown recent-

In the past year our work has focused on the following areas:
steady state dynamics of nuclear pore complexes, the mechanism of NEBD in meiosis, dynamics and positioning of
chromosome territories throughout the cell cycle, and computer simulations to model diffusion and biochemical binding
interactions of nuclear proteins based on photobleaching
experiments. In addition to these core projects we have collaborated with several groups on subjects such as the cell
cycle localization of the small GTPase and mitotic regulator
Ran (Hinkle et 01., 2002), the mechanism of mRNA localization in budding yeast (Kruse et 01., 2002) and the function of
histone modifications during Xenopus oocyte maturation
(Schmitt et 01.,2002).

ly that prior to lamin depolymerization, NEBD is facilitated
by microtubule mediated mechanical rupture of the NE
(Beaudouin et 01., 2002; Figure I). After microtubules have

Steady state dynamics of the nuclear
pore complex

gained access to chromosomes and accomplished their segregation, the mitotic kinase machinery is degraded and

The nuclear pore complex (NPC) of eukaryotic cells is a fundamental unit of nuclear structure mediating nucleocyto-

of the NE (Burke and Ellenberg, 2002). Our in vivo analysis of
the stability of protein complexes in the nuclear periphery
has shown it to be a highly crosslinked and stable protein
network in nondividing cells (Daigle et 01., 200 I). Upon
entering mitosis, most metazoan cells completely and rapidly dismantle NE structure by phosphorylation and depolymerization in a process termed nuclear envelope breakdown
(NEBD). This results in a highly regulated switch in the confinement of the genome. Nuclear membranes that surround
chromatin in interphase are replaced by cytoplasmic spindle
microtubules, which organize and segregate the condensed
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0:12
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1: 16

Figure I. NEBD in somatic mammalian cells. The nuclear lamina is torn open by spindle microtubules. 4D reconstruction of an NRK

cell coexpressing histone 2B-CFP and lamin B1-YFP during the G2/M transition. Large arrowheads: First holes in the lamina, small arrowheads: spreading of the hole boundary. Time: m:ss, bar: 5 pm. (Beaudouin et aI., 2002)
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Figure 2. Germinal vesicle breakdown in starfish oocytes. The nuclear envelope is permeabilized in a spreading wave. Confocal timelapse of the germinal vesicle of a starffsh oocyte injected with 500 kDa A/exa488 dextran in the cytoplasm during maturation.
Arrowheads point to the progression of the dextran entry wave into the nucleus. Time is in seconds. Time 0 marks the start of the dextran entry. (Lenart and Terasaki, unpublished data)

plasmic transport. In vertebrates it consists of - 30 proteins
termed nucleoporins that occur in -8-24 copies/NPC and
are organized into several subcomplexes believed to form
the building blocks of the entire pore. In the first characterizations of NPCs in intact cells by fluorescence recovery
after photobleaching (FRAP) we had shown that the
turnover of nucleoporins POM 121, Nup 133 and Nup I07 on
and off the NPC is extremely slow in interphase, while a different nucleoporin, Nup 153, associated only transiently with
the NPC (Daigle et al., 200 I; Belgareh et al., 200 I).In the past
year we have extended those studies to 16 individually GFP
tagged nucleoporins stably expressed in mammalian cell
lines. By using a modified quantitative bleaching protocol
termed iFRAR we have measured the residence time of
these proteins at the NPC. We find four classes of nucleoporins that show different behavior in steady state. The first
class (Nup 133/ I07/93, Seh I, Sec 13, POM 121) has residence
times longer than 20 h and can be defined as the stable core
of the NPC that does not turn over throughout interphase.
The second class (Nup62/214/58/98, hCG I) has residence
times between 3-1 0 h and thus represents nucleoporins that
can be exchanged during a normal interphase and might be
subject to regulation of NPC function. The third class has
short residence times between 10-250 s and thus only transiently associates with the NPC, suggesting a function in
short term regulation or dynamic transport reactions themselves. This project will provide the first comprehensive
characterization of steady state dynamics of the NPC and
has already generated invaluable tools to study changes in
structural dynamics during NPC assembly and nucleocytoplasmic transport.

Nuclear envelope breakdown in
meiosIs
The step of the G2/M transition that commits a cell to Mphase is the breakdown of the NE, a process whose mechanism has not been established. Our studies in mammalian
somatic cells had shown that microtubules facilitate NEBD
by mechanically rupturing the NE in a dynein dependent
manner in prometaphase of mitosis (Beaudouin et 01., 2002).
In order to analyze NEBD in a system that is not dominated
by microtubules we also analyzed NEBD in starfish oocytes.
These cells are ideally suited for imaging NEBD because they
are naturally arrested in G2 of meiosis I, are optically clear,
can be microinjected quantitatively and have a large nuclear
diameter. In collaboration with Mark Terasaki (MBL, Woods
Hole) we had established a system to study the mechanism
of NEBD by measuring changes in NE permeability using fluorescent dextran tracers (Terasaki et al., 200 I). Extending
this initial study, we now used a size series of carefully calibrated dextran fractions, GFP tagged nucleoporins, as well as
electron microscopy to analyze the first steps that trigger
NEBD in oocytes. We found that NEBD proceeds in two
phases. In phase I, NPCs are partially disassembled by dissociation of peripheral nucleoporins over the course of 10
min, allowing entry of macromolecules smaller than 40 nm
into the nucleus. At this time the nuclear membranes and
lamina are still intact and continuous. In phase II, NPCs are
removed from the NE completely, leading to a rapid and
complete permeabilization of the nucleus even for very large
(100 nm) macromolecules. This permeabilization starts at a
single site and then rapidly spreads as a wave over the NE
surface within 30 s (Figure 2), leaving a fenestrated NE con105 - - - - - - - - - - - - - - - - - - - - - - - - -
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sisting of membrane fragments attached to the underlying
lamin scaffold behind. Thus in oocytes, in the absence of
mechanical deformations, NEBD is triggered by disassembly
of the NPC (Lenart et 01., submitted).

Computer simulations to analyze
FRAP experiments of nuclear
proteins
Fluorescence photobleaching/photoactivation techniques

Dynamics and positioning of chromosomes during the cell cycle

cently tagged proteins in live cells. However, the complex cel-

In collaboration with Roland Eils' group (DKFZ, Heidelberg)

lular geometry and the presence of different functional

we had previously developed new tools for quantitative

species for each protein (i.e. bound and free in the simplest

analysis and reconstruction of 4-D imaging experiments

case) make the quantitative analysis of photobleaching

(Gerlich et 01., 200 I). In the past year we have applied this

provide powerful tools to measure the dynamics of fluores-

experiments difficult. In order to extract biophysical param-

experimental approach, combined with in vivo chromatin

eters of GFP-tagged NE proteins from fluorescence recov-

labeling by pattern bleaching to study when chromosomes

ery after photobleaching (FRAP), fluorescence depletion

are positioned to specific sites in the nucleus during the cell
cycle. This question was prompted by several recent studies
that showed that both gene expression levels and the frequency of chromosomal translocations correlate with nonrandom positioning of chromosomes inside the nucleus.
Non-invasive labeling of chromosome subsets showed no
global rearrangements in interphase. A striking order of
chromosomes was observed throughout mitosis, in contrast
to the random behavior predicted by a computer model of
chromosome dynamics. A quantitative assay for mitotic single chromosome positioning revealed strong similarities
between daughter and mother cells. These results demonstrated that global chromosome positions are heritable
through the cell cycle in mammalian cells. Based on tracking

(FLIP), photoactivation (PA) and pattern photobleaching
experiments we therefore developed a computer simulation
based on spatial kinetic models. With these models, we can
derive effective diffusion constants and rate-limiting steps in
protein-protein interactions form the experimental data.The
models can be adapted to the spatial distribution, abundance
and the a priori knowledge about each protein.The computer simulations are built in the differential equation solver
Berkeley Madonna. Images from live cells are modeled as
arrays of discrete elements and inhomogeneities between
elements are taken into account by weighting them with
their prebleach intensity. The simulation then uses coupled
differential equations that allow exchange of molecules

of centromeres during chromosome segregation and exper-

between nearest neighbor elements. This exchange can be

imental perturbations of chromosomal order, we propose

governed by diffusion only, or additional parameters such as

that chromosome specific timing of sister chromatid separa-

association and dissociation rates of binding interactions.We

tion in anaphase can transmit chromosomal positions from

are currently using this simulation to study the association of

one cell generation to the next (Gerlich et 01., submitted).

chromatin proteins with chromosomes in interphase nuclei.
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Muscle development: the regulation of myoblast
specification and fusion
Group leader:
PhD students:
Technician:
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Paulo Cunha*,janus jakobsen*
Petra Samenfeld*
*Indicates part of the year only

This group also belongs to the Developmental Biology Programme.

Tissues develop by a series of successive steps, which include
cell fate determination, proliferation, migration and differentiation. These events are highly regulated to ensure the
resulting tissue contains the correct number and type of
cells, at the correct location within the embryo.We are using
muscle development in Drosophila as a model system to
study how these processes are regulated during organogenesis.

tified groups of genes expressed in particular tissues (muscle, eye), and genes involved in specific biological and biochemical processes.

The first step in gaining a comprehensive insight into the
genetic controls of muscle development is to identify all the
genes that are required during key developmental periods.To
this end we are combining genomic and genetic approaches
to understand firstly what genes are expressed during specific steps of muscle development and secondly how these
genes work together to form transcriptional networks that
produce muscles with unique sizes and locations. Of particular interest is the regulation of myoblast specification and
myoblast fusion. We have developed a system to readily analyze the gene expression profile of Drosophila homozygous
mutant embryos. Using this approach the transcription patterns of normal embryos were compared to embryos that
lack all muscle or, alternatively, that have ectopic myoblasts,
at different developmental stages. This approach successfully
identified hundreds of new genes involved in muscle development, including three new muscle specific transcription
factors.
During 2002 our work has focused on two main goals.
Firstly, to determine the transcriptional profile during the
entire Drosophila Iifecycle. As muscle development occurs
twice in Drosophila this study has given us new insights into
how this process is regulated. Secondly, to identify genes that
are specifically enriched in different types of myoblasts.

Gene expression during the life cycle
of Drosophila melanogaster
The transcriptional profiles for about one-third of the
Drosophila genes were analysed throughout the life cycle,
from fertilization to aging adults. cDNA microarrays were
used to analyze RNA profiles in 74 samples from wild-type
flies representing 66 sequential time periods beginning at fertilization and spanning the embryonic, larval and pupal periods. This study defines major characteristics of the transcriptional programs that underlie the life cycle and lead to
the identification of a large group of genes that are differentiately expressed between males and females. We also iden-

Figure I. Muscle progenitors are specified from segmental
groups of cells and undergo fusion to form a multinucleated
myotube. The myotube sarcomeres become assembled and
organized during differentiation, pushing the nuclei to the periphery.
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Regulation of founder and fusioncompetent myoblast differentiation

Drosophila muscles originate from the fusion of two types of

myoblasts, founder cells (FCs) and fusion-competent
myoblasts (FCMs). To better understand muscle diversity and
morphogenesis, we compared the expression profiles of
embryos that were genetically enriched in FCs or FCMs.This
study identified 83 new genes that are differentially expressed
between these two types of myoblasts.The role of a subset of
these new muscle genes was further validated by confocal
analysis and loss of function mutations. Work in the next year
will focus on an in-depth analysis of one of these new genes,
which is likely to be involved in myoblast fusion.

Publications during the year
Arbeitman, M.N., Furlong, E.E., Imam, E, Johnson, E., Null,
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Cytoplasmic gene regulation and molecular medicine
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Medical research officer: Sabine Hentze*
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Cruyce*
*Indicates part of the year only

2002 was a year of transition and new developments: several fellows took up independent positions (F. Gebauer, D.
Ostareck,T. Preiss), and new members joined the group. Our
longstanding collaboration with Andreas Kulozik, who
moved from Berlin to Heidelberg, catalyzed the foundation
of the "Molecular Medicine Partnership Unit (MMPU)"
between the EMBL and the University of Heidelberg. A first
research report of the MMPU can be found in this volume.
Some of the scientific highlights in the fields of mRNA translation and mammalian iron metabolism are described below.

that SXL inhibits the translation initiation step, and that it
prevents the stable association of the 40S ribosomal subunit
with the msl-2 mRNA. Interestingly, regulation by SXL does
not require a cap structure at the 5' end nor a poly-A tail at
the 3' end of the mRNA for its regulation, suggesting that the
regulated step may occur following the initial recruitment of
the small ribosomal subunit (Gebauer et al., submitted).
Functional analysis of SXL as a translational regulator shows
that the RNA binding and translational repressor functions
are embedded within the two RRM domains and a C-terminal heptapeptide extension of the protein. The repressor
function is dormant unless SXL binds to msl-2 mRNA with
its own RRMs, because tethering SXL via a heterologous
RNA-binding peptide does not elicit translational inhibition.
Marica and Fatima identified proteins that crosslink to the
msl-2 3'UTR and coimmunoprecipitate with SXL in a fashion that requires the intact repressor domain and tightly
correlates with translational regulation. The results suggest
that SXL binding to the 3' UTR of msl-2 mRNA activates the
translational repressor domain to recruit co-repressors in a
highly specific and coordinated fashion. The above results
also elucidate a critical regulatory step for dosage compensation in Drosophila melanogaster and reveal a novel mechanism for translational control (see Figure I). Ongoing work
aims to identify the putative co-repressors, and to isolate

Translational control by "Sex Lethal"
A very interesting example of translational control operates
a critical switch for dosage compensation in Drosophila. The
Msi (Male specific lethal)-2 protein is essential in males, but
its expression would kill females. The translation of cytoplasmic msl-2 mRNA in females is inhibited by the female-specific RNA-binding protein SXL (Sex Lethal), which binds to
two sites ('A' and 'B') in the 5' UTR and to four sites ('C'
through "F') in the 3'UTR of msl-2 mRNA. Using a cell-free
translation system from Drosophila embryos (Gebauer et al.,
1999), Fatima Gebauer and Marica Grskovic delineated the
msl-2 mRNA sequence elements that are important for regulation by SXL, and identified functionally critical sequences
adjacent to regulatory SXL binding sites.They demonstrated
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Figure I. Translational control

of msl-2 mRNA by Sex lethal
110

Gene Expression Programme

and characterize the repressed msl-2 mRNP with a view
towards understanding the mechanism of translational inhibition at the molecular level.

mechanism. Thus, the IRES-mediated translation of cellular
mRNAs entails an unexpected set of activating interactions
from the 3' end. Christian now tries to define how the polyA tail communicates with the IRES. Patrick Hundsdorfer
focuses especially on the c-myc IRES. He wants to better
understand the molecular mechanism underlying the
increased IRES activity of a mutant c-myc IRES found in
patients suffering from multiple myoloma.

Translational control via the "DICE"
During the differentiation of erythroid precursor cells into
mature red blood cells, the mRNA encoding the enzyme 15lipoxygenase (LOX) must be translationally silenced before
mitochondrial degradation is allowed to proceed.This silencing is achieved via the DICE (differentiation control element)
in the 3' untranslated region (UTR) of LOX mRNA and the
DICE-binding proteins hnRNPs K and EI (Ostareck et 01.,
1997). Using biochemical experiments in rabbit reticulocyte
lysate, Antje Ostareck-Lederer and Dirk Ostareck showed
that the joining of the 60S ribosomal subunit is regulated
(Ostareck et 01., 200 I). Work by Karsten Beckmann now
addresses the question of how the 3' UTR regulatory complex can block 60S ribosomal subunit joining. In collaboration with Tatyana Pestova (SUNY), we are using recombinant
and purified translation factors and ribosomal subunits to
define the molecular target of the DICE regulatory complex.
Kent Duncan has initiated a project to better understand the
role of hnRNP K in the assembly of the repressor complex,
and we collaborate with the groups of Michael Sattler and
Stephen Cusack at EM BL to explore the structural basis of
the DICE/hnRNP K interaction.

'Potentiated gene regulation'
Transcription and mRNA turnover determine the quantitative composition of the cellular transcriptome. The transcriptome in turn templates the proteome via translation.
Treatment of Saccharomyces cerevisiae with the TOR kinase
inhibitor rapamycin causes increases and decreases, respectively, in the mRNA levels of hundreds of genes. In collaboration with Wilhelm Ansorge's group and the Gene Core
Facility at EMBL, DNA microarrays for the open reading
frames of the S. cerevisiae genome were produced, and the
translation state of yeast mRNAs was assessed by sucrose
gradient analysis and fractionation of polyribosomal and nonribosome bound mRNAs.ln this way,Thomas Preiss and Julie
Baron simultaneously monitored the transcriptome and
translational changes in response to rapamycin treatment for
all detectable yeast mRNAs. Remarkably, genes that are
induced in the transcriptome correlate tightly with mRNAs
that are more efficiently translated (degree of polyribosome
association) than the rest; similarly, genes that display
reduced mRNA levels following rapamycin treatment also
display low translational fitness. These co-regulatory
responses are independent of the absolute abundance of the
mRNAs. Thus, the signal-induced changes in the transcriptome are amplified at the translational level. These results
unveil a novel, higher level of coordinated gene regulation,
which we refer to as 'potentiation' (Preiss et 01., submitted).
We now want to determine the role that transcription
and/or mRNA turnover play in 'potentiation', and to learn
more about the underlying mechanism(s).

Addressing the question of how translationally silenced LOX
mRNA can be activated for translation,Antje and Dirk found
that hnRNP K tightly binds the kinase c-Src and is a substrate
for c-Src in transfected HeLa cells and in vitro. Src-mediated
phosphorylation of hnRNP K abolishes its ability to bind to
the DICE in vitro and de-represses the translation of mRNAs
that bear a DICE in their 3' UTR in vivo. Moreover, hnRNP K
activates wild type c-Src both in vivo and in vitro, demonstrating that hnRNP K is not only a substrate, but also an
activator of the kinase (Ostareck-Lederer et 01., 2002).

Translation via IRESes and the
poly-A tail

Mammalian iron metabolism

A former member of the group, Giovanna Bergamini, established a translation system from HeLa cells which faithfully
recapitulates the stimulation of cap-dependent translation by
the poly-A tail in vitro. Giovanna also demonstrated that the
poly-A tail augments translation from the internal ribosome
entry sequences (I RESes) of polio- and encephalomyocarditis virus (Bergamini et 01., 2000). The mRNAs encoding the
protooncogene c-myc and the chaperone protein BiP
(Hsp78) are cellular messages that can be translated in a capindependent way via IRESes by an unknown mechanism.
Giovanna and Christian Thoma now showed that the poly-A
tail plays a critical role as a translational enhancer for these
cellular IRESes, both in vitro and in vivo. Whereas the stimulation of cap-dependent translation by the poly-A tail involves
binding of the poly-A binding protein (PABP) to the N-terminus of translation initiation factor (elF) 4G, IRES-mediated
translation is highly stimulated by the poly-A tail even when
the PABP-binding domain of elF4G is proteolytically
removed. Using the PABP antagonist Paip2, a Paip2-insensitive (PABP-independent?) pathway is implicated in this

Medically, both iron overload and deficiency represent common clinical problems causing severe disorders. Scientifically,
this raises the interesting question of how iron homeostasis
is maintained, both at the systemic and at the cellular level.
Previous research by us and others defined central roles of
the IRE/IRP system in the control of cellular iron homeostasis, and of HFE in affecting systemic iron metabolism. To
explore fundamental aspects of systemic and cellular metabolism, we are taking an integrated approach using a special
microarray platform termed the 'IronChip', generating conditional k.o. mice for IRP I and IRP2, and studying the role of
the iron transporter DMT I in iron uptake.
Martina Muckenthaler (in collaboration with Alexandra
Richter and the Gene Core Facility) has designed and established a eDNA-based microarray ("lronChi p"), which allows
the simultaneous analysis of some 300 human and mouse
genes involved in iron metabolism as well as important interconnected pathways such as copper, selenium, redox and
NO metabolism. Quantitative differences of as little as 1.5III
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fold can be recognized in a sensitive and reproducible manner (Richter et 01., 2002). The availability of corresponding
"lronChips" for human and mouse genes allows us to integrate information from cell culture models, human patient
samples and genetic mouse models. One goal is to identify
and record diagnostic 'signature profiles' that characterize
physiological responses and disease states.

IRP I and IRP2 are expressed in most, if not all, mammalian
cells and tissues. To understand IRP function in different
organs, Bruno Galy has utilized the Cre/Lox system and generated targeted alleles for tissue-specific IRP depletion. We
have just obtained mutant mice showing germ line transmission and have begun with the characterization of -/- strains,
which are born without apparent phenotype.

As a recent 'proof of principle', HeLa cells were treated with
iron donors or iron chelators, or were subjected to oxidative stress (H 2 0 2) or NO (sodiumnitroprusside). In collaboration with W Stremmel's group at the University of
Heidelberg, we also generated a stable transgenic HeLa cell
line expressing the HFE gene under an inducible promoter.
Gene response patterns were recorded for all of these
interrelated experimental stimuli, and analyzed for common
and distinct responses that define signal-specific regulatory
patterns. The resulting regulatory patterns reveal and define
degrees of relationship between distinct signals. Remarkably,
the gene responses elicited by the altered expression of the
hemochromatosis protein HFE and by pharmacological iron
chelation exhibit the highest degree of relatedness, both for
IRP- and non-IRP target genes.This finding suggests that HFE
expression directly affects the intracellular chelatable iron
pool in the transgenic cell line. Furthermore, cells treated
with the iron donors hemin or ferric ammonium citrate display response patterns that permit the identification of the
iron loaded state in both cases, and to discriminate between
the sources of iron loading (Muckenthaler et 01., 2002).These
findings demonstrate the broad utility of gene expression
profiling with the "lronChip" to study iron metabolism and
related human diseases. We are now using mouse models
generated in our group (see below) and by collaborators (N.
Andrews, J. Connor, W Stremmel, M. de Sousa) to dissect
gene regulatory responses in the duodenum, the liver, the
brain and in macrophages.

DMT I mediates apical iron uptake into duodenal enterocytes and also transfers iron from the endosome into the
cytosol following cellular uptake via the transferrin receptor.
Mutations in DMT I hence cause systemic iron deficiency
and anemia. DMT I mRNA levels are increased in the duodenum of iron-deficient animals. This regulation has been
observed for DMT I mRNA harboring an iron-responsive
element (I RE) in its 3' untranslated region (UTR), but not for
a processing variant lacking a 3'UTR IRE, suggesting that the
IRE regulates the expression of DMT I mRNA in response to
iron levels. Work by Nadia Hubert showed that iron regulation of DMT I involves the expression of a previously unrecognized upstream 5' exon ("exon IA") of the human and
murine DMT I gene. The expression of this novelS' exon is
tissue-specific, and particularly prevalent in the duodenum
and in the kidney. It adds an in-frame AUG translation initiation codon extending the DMT I open reading frame by a
conserved sequence of 29-31 amino acids. In combination
with the IRE- and non-IRE variants in the 3'UTR, Nadia's
results reveal the existence of four DMT I mRNA isoforms
predicting the synthesis of four different DMT I proteins.
Two regulatory regions, the 5' promotor/exon IA region and
the IRE-containing terminal exon, participate in iron regulation of DMT I expression, which operate in a tissue-specific
way (Hubert and Hentze, 2002). We are now exploring the
role of the different DMT I isoforms in cellular and systemic
iron uptake.
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Eukaryotic gene expression depends on the synthesis, processing, export and translation of mRNA. Our research program is designed to further our knowledge of the major
aspects of mRNA nuclear export with particular emphasis
on the identification of cellular factors that interact with
mRNAs during and after translocation through the nuclear
pore complex (NPC). These factors are likely to determine
the fate of an mRNA in the cytoplasm and influence its translational activity and localization.
Nucleocytoplasmic transport occurs through nuclear pore
complexes and is mediated by saturable transport receptors.
The receptors bind to nucleoporins, the components of the
NPC, and to cargo molecules that need to be translocated
across the pore. After translocating their cargoes through
the pore, the receptors are recycled to initiate additional
rounds of transport (reviewed in Conti and Izaurralde,
2001).
While the vast majority of transport receptors are members
of a conserved family of proteins known as importins or
exportins (or karyopherins), we have shown that export of
bulk messenger RNA (mRNA) is mediated by members of
the conserved family of NXF proteins. The yeast genome
encodes a single NXF protein, Mex67p, but there are two
NXFs in Caenorhabditis elegans (Ce) and four in Drosophila
melanogaster (Dm) and Homo sapiens (Hs) (see Figure I;
reviewed in Izaurralde,2002b).

NXF proteins are characterized
by a conserved modular domain
organization
Human NXF I (Hs NXF I, also known as TAP) is a paradigm
of the NXF family. As expected for a nuclear export receptor; Hs NXF I interacts with components of the NPC and
binds directly or indirectly to its RNA cargoes. These binding activities are mediated by two distinct functional
domains: an N-terminal cargo-binding domain and a C-terminal NPC-binding domain (Figure 2).
The cargo-binding domain of Hs NXF I comprises an N-terminal fragment for which no structural information is available, an RNP-type RNA-binding domain (RBD) and a leucinerich repeat (LRR) domain (Liker et 01., 2000).The NPC-binding domain of Hs NXF I consists of two distinct structural
domains connected by a flexible linker: the NTF2-like
domain, which is related to the nuclear transport factor 2
(NTF2), and a C-terminal region related to ubiquitin associ-

ated (UBA) domains (the so-called UBA-like domain) (Figure
2; Fribourg et 01., 200 I; Grant et 01., 2002). In higher eukaryotes the NTF2-like domain of NXF I heterodimerizes with a
small nuclear protein known as piS.
The structures of the RBD, the LRR and the NTF2-like
domain of Hs NXF I bound to piS have been solved in the
group of Elena Conti (Fribourg et 01.,200 I; Liker et 01.,2000).
Structural and functional studies performed in our group in
collaboration with the group of Elena Conti have clearly
established that NXF I:p 15 heterodimers act as a single
structural and functional unit (Braun et 01., 200 I; 2002;
Fribourg et 01., 200 I).
Comparison of the amino acid sequence of Hs NXF I with
those of NXF proteins in all species including yeast indicates
that the domain organization of Hs NXF I is conserved within members of the NXF family, although not all domains are
always present (Figure 2; Herold et 01., 2000). Available evi-

Hs NXF1ITAP
Hs NXF2
Hs NXF3
Hs NXF5
Ce NXF1
Ce NXF2
Om NXF1
Om NXF2
Om NXF3
Om NXF4
Sc Mex67p
Figure I. Domain organization of NXF proteins. The conserved
structural domains are indicated. The N-terminal domain of
Mex67p and Dm NXF2 show no similarity to human Hs NXF I
(white boxes). Abbreviations: Hs, Homo sapiens;Ce, C. elegans;
Dm, D. melanogaster; Sc, S. cerevisiae.
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dence indicates that only NXF I mediates the export of bulk
mRNA in metazoa while the other members of the NXF
family could play more specialized or different roles Uun et
al., 200 I; Herold et al., 200 I; Herold et al., 2003).
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In contrast to the nxf genes, there is only one piS gene in D.
melanogaster and C. elegans and two in human genomic
sequences (p 15-1 and p15-2), but the p 15 protein can het-
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cargo-binding domain

NPC-binding domain

Figure 2. Structural and functional domains of human Hs NXF I
bound to pIS. The cargo-binding domain of Hs NXF I (residues
1-372) consists of an RNP-type RNA binding domain (RBD,
residues 119-198), a leucine-rich repeat domain (LRRs, residues
203-362) and a less well-conserved region upstream of the RBD
for which no structural information is available (residues I-I 19).
The NPC-binding domain of Hs NXF I consists of the NTF2-like
domain (residues 371-551) bound to piS and the UBA-like
domain (residues 563-6/9). Each of these domains features a
nuc/eoporin-binding site (black arrowhead). The structures of the
RBD, the LRR and the NTF2-like domain bound to piS have been
solved in the group of Elena Conti at EMBL. The structure of the
UBA-like domain shown in this Figure is a prediction done in the
group of Peer Bork. Courtesy of Elena Conti.

poly(A)+ RNA
dsRNAs

nuclear envelope

erodimerize with various NXF proteins. Indeed, we have
shown that both human p 15-1 and p 15-2 interact with TAR
Hs NXF2, Hs NXF3 and Hs NXF5, while Drosophila piS
binds Dm NXF I and Dm NXF3 (Herold et al., 2000; Herold
et al., 200 I;Jun et al., 200 I).

Interaction of NXF I with nucleoporlns
Transport receptors promote translocation of cargoes
across the central channel of the NPC as a result of their
ability to interact with nucleoporins. In particular, the phenylalanine-glycine (FG) repeats that characterize most nucleoporins are believed to function as docking sites for the
receptors moving through the pore (reviewed in Conti and
Izaurralde, 200 I). The structure of the NTF2-like domain of
Hs NXF I bound to p 15 revealed that this NTF2-like heterodimer features a single FG-nucleoporin binding site located at the Hs NXF I side of the dimer (Fribourg et al., 200 I).
Similarly, the UBA-like domain also provides a single nucleoporin-binding site (Grant et al., 2002).
Despite the sequence and structural dissimilarities between
the two nucleoporin-binding domains of NXF I (i.e. the
NTF2-like scaffold and the UBA-like domain), we were able
to show that these two domains are interchangeable. Indeed,
NXF I derivatives in which a UBA-Iike domain replaces the
NTF2-like scaffold has a similar export activity to the converse construct in which the UBA-like domain is replaced by
an NTF2-like scaffold. These observations established that
the role of these domains is essentially confined to nucleoporin-binding (Braun et al., 2002).
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Figure 3. Inhibition of mRNA export following depletion of NXF I,
REF I and EJC components in Drosophila Schneider cells (SL2
cells). SL2 cells were transfected with dsRNA corresponding to
GFp, NXF I and mixtures of dsRNAs. These mixtures consisted of
dsRNAs corresponding to REF I and RNPS I or to REF I, RNPS I,

SRm 160 and Y14 as indicated. Poly(A)+ RNA was detected by
FISH with a Cy3-labelled oligo(dT) probe (panels A, C, E, G). The
nuclear envelope was stained with Alexa 488-wheat germ agglutinin conjugates (panels B, D, F, H). In control cells bulk mRNA is
cytoplasmic while in cells depleted of NXF I a strong nuclear accumulation of polyadenylated RNAs is observed. The poly(A)+ signal
is widespread within the nucleoplasm and is excluded from the
large nucleolus characteristic of this cell line. Co-depletion of EJC
proteins leads to a partial nuclear accumulation of poly(A) + RNA.
The arrowheads point to cells in which a significant nuclear accumulation of poly(A) + RNA was observed. Scale bar 5 pm.
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of NXF I, pIS or UAP56 result in global changes of mRNA levels. Scatter plot representation of individual measurements using cytoplasmic RNA samples isolated from different knockdowns as indicated. The normalized intensity values of the experimental samples are plotted against the normalized intensity values of the reference samples. External spike-ins were used for normalization in all measurements. In addition to the regression line (same intensity in both samples), the 2-fold and the 5-fold lines (black
dashed lines) are shown. Spots representing mRNAs targeted by dsRNAi are marked with a circle. nxfl and nxf2 are each represented
by 2 spots (Herold et aI., 2003).
Figure 4. Depletion

Recruitment of NXF I by cellular
mRNAs
Cellular mRNAs are thought to recruit NXF I via proteinprotein interactions (reviewed in Conti and Izaurralde,
200 I). We have identified a family of proteins (the REF protein family) that act as adaptors between cellular mRNAs
and NXF I. REFs are evolutionarily conserved from yeast to
human and are often encoded by more than one related
gene per species (Rodrigues et al., 200 I; Stutz et al., 2000).
Apart from REFs, other RNA binding proteins have been
proposed to facilitate NXF I binding to mRNAs. In particular, in higher eukaryotes, REFs, together with the

Y14/MAGOH heterodimer and the splicing coactivators
SRm 160 and RNPS I, bind preferentially to spliced mRNAs as
components of a multiprotein complex deposited by the
spliceosome upstream of splice junctions. This so-called
exon-exon junction complex (EJC) has been proposed to
playa role in post-splicing mRNA metabolism by influencing
the transport, translation or stability of spliced mRNAs (Le
Hir et al., 200 Ia,b).
Another protein implicated in the recruitment of NXF I and
Mex67p to cellular mRNAs is the DEAH-box helicase
UAP56. Although originally implicated in splicing, we and
others have shown that this protein plays an essential role in
mRNA export (Gatfield et al., 200 I).
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Investigating the mRNA export pathway In VIVO
Taking advantage of specific protein depletion in vivo by double stranded RNA interference (dsRNAi), we have investigated the proposed roles of the proteins mentioned above
in the export pathway of bulk mRNA in Drosophila cultured
cells. We have shown that depletion of the endogenous
NXF I, P 15 and UAP56 inhibits growth and results in a rapid
and robust accumulation of poly(A)+ RNA (i.e., bulk mRNA)
within the nucleus (Figure 3; Gatfield et 01., 200 I; Herold et
01., 200 I). In contrast, REFs and the individual components of
the EJC are dispensable for mRNA export in Drosophila cells
(Gatfield et 01., 2002). Only when all components of the EJC
are depleted is a partial inhibition of mRNA export
observed (Figure 3). Our data indicate that besides REF or
the EJC components, additional adaptor proteins having partially redundant functions can bridge the interaction
between NXF I:p 15 and cellular mRNAs in metazoa
(Gatfield et 01., 2002).

Genome-wide analysis of mRNA
nuclear export pathways
Despite the wealth of information accumulated in the recent
years, a number of issues remain unanswered. For instance,
it is not known whether all mRNAs are exported via the
same pathway, or whether there are mRNAs that reach the
cytoplasm through alternative routes, e.g. by recruiting other
members of the NXF family or other export receptors. It is
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also not known whether there are classes of mRNAs that
require UAP56 function, but not NXF I:p 15 or vice versa.
To obtain information on mRNA export pathways at a global scale, we have analyzed the relative abundance of nearly
half of the Drosophila transcriptome in the cytoplasm of
cells depleted of NXF I, NXF2, NXF3, P 15 or UAP56. When
NXF2 or NXF3 were targeted by dsRNAi, the only mRNAs
consistently different from the reference sample (cells treated with GFP dsRNA) were the nxf2 and nxf3 mRNAs themselves (Figure 4). In contrast, when Schneider cells were
depleted of NXF I, P 15 or UAP56, most mRNAs (about 75%)
were underrepresented in the cytoplasm as compared to
control cells (Figure 4).
The wide effect on mRNA levels and the striking similarities
of mRNA expression profiles in NXF I, P 15 and UAP56
knockdowns indicate that these proteins define the major
mRNA export pathway (Figure 4). This analysis also allowed
us to identify a small set of mRNAs that could be exported
independently of these proteins and some requiring
NXF I:p 15 but not UAP56 (Herold et 01., 2002).

Role of the exon junction complex in mRNA
metabolism

In addition to its putative role in export, the EJC or some of
its components have been suggested to playa role in nonsense-mediated mRNA decay and may influence the translation efficiency or stability of spliced mRNAs. We are currently investigating additional roles of this complex in mRNA
metabolism in vivo by RNAi in Drosophila cells (Gatfield et 01.,
2003).
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In eukaryotic cells, specific proteins bind to cis-regulatory
sequences of genes to activate or repress their transcription. Activators typically function by recruiting general transcription factors and, ultimately, RNA polymerase to the
transcription start site. The need for repressors arises in
cells where genes must stay inactive even though their activators are present. The transcriptional state of a gene in a
particular cell is thus usually determined by the presence or
absence of appropriate activator and repressor proteins in
that cell. However, during the development of both animals
and plants, transcription factors that determine on/off states
of particular target genes are often only present transiently,
whereas the established transcriptional state of the target
gene needs to be maintained during subsequent development, in the absence of these factors.
The regulation of HOX gene expression in Drosophila provides a paradigm for studying how such heritable transcriptional states are propagated through time and cell division.
Genetic studies identified two groups of genes that are
responsible for maintaining appropriate transcriptional
states of Drosophila HOX genes, after the initial on/off decisions are made by transiently acting factors in the early
embryo. Products of the Polycomb group (PcG) genes maintain the silenced state of HOX genes, whereas proteins
encoded by trithorax group (trxG) genes maintain their
active state. Most of the known PcG and trxG genes were
identified due to mutant phenotypes that suggested that
their protein products are needed for the regulation of multiple HOX genes. Many PcG and trxG genes have been
cloned over the past years and most of them were shown to
be chromatin-associated proteins. Although there is evidence that several of these proteins exist in multi protein
complexes, the composition of these complexes and their
biochemical activities are largely unknown. Characterization
of PcG and trxG protein complexes and mechanistic studies
of their activities are therefore essential for understanding
how heritable transcriptional states are propagated through
DNA replication and mitosis. Our lab is concentrating on
the analysis of PcG protein complexes and our efforts in
2002 have been focused on:
•

characterizing the composition and enzymatic activity of
a Drosophila Esc-E(z) complex

•

analysis of Pho-like, a novel DNA-binding PcG protein

•

establishing the TAP strategy for isolating protein complexes from Drosophila embryonic extracts

Characterization of the Esc-E(z)
complex
In collaboration with the group of Jeff Simon at the
University of Minnesota and the group of Bob Kingston in
the Department of Genetics at Harvard Medical School, we
characterized the Esc-E(z) complex. We established that this
complex contains Extra sex combs (Esc), Enhancer of zeste
[E(z)], NURF-SS and Suppressor of zeste 12 [Su(z) 12], the
product of a novel PcG gene that we recently identified by
genetic approaches (Birve et 01., 200 I). A recombinant complex reconstituted from these four proteins possesses histone methyltransferase activity and methylates lysine 27 of
histone H3 in vitro. Our in vivo studies showed that this
methyltransferase activity is strictly required for the silencing of HOX genes. These results identify E(z) as the first PcG
protein with an enzymatic activity and implicate histone
methylation as an important step in PcG-mediated silencing.

Analysis of pho-like, a novel DNAbinding PcG protein
Among the IS known PcG proteins in Drosophila,
Pleiohomeotic (Pho), a protein related to the mammalian
transcription factor YY I, is the only known sequence-specific DNA-binding factor. Nevertheless, HOX gene silencing by
PcG protein complexes such as the Esc-E(z) complex
depends on specific cis-acting sequences in HOX genes,
called Polycomb response elements (PREs). This suggests
that PcG protein complexes are tethered to PREs by DNAbinding proteins such as Pho.
Work by Cornelia Fritsch previously showed that Pho binds
to a PRE of a Drosophila HOX gene and that binding of Pho
to this PRE is essential for PRE-mediated silencing (Fritsch et
01., 1999). In collaboration with the group of Judy Kassis at
NIH, we characterized pho-like, a gene that we first identified
in the Drosophila genome due to its sequence similarity with
pho. In DNA-binding assays, Pho-like binds the same DNA
sequence like Pho. We generated mutations in pho-like and
our genetic analyses demonstrated that pho and pho-like are
critically required for HOX gene silencing but that they act
redundantly. These results resolve a puzzling aspect about
the role of Pho in HOX gene silencing, the question why
mutations in Pho protein binding sites in a PRE lead to a
complete loss of silencing whereas pho single mutants show
only a mild PcG phenotype.
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An intriguing finding of this study was the observation that
chromatin-binding of the PcG proteins E(z), Posterior sex
combs (Psc), Polycomb (Pc), Polyhomeotic (Ph) and Sex
combs on midleg (Scm) on polytene chromosomes is largely unperturbed in pho-like, pho double mutants. This result
challenges the proposal that Pho and Pho-Iike function as
DNA-binding anchors of the Esc-E(z) complex or of
Polycomb repressive complex I (PRC I) which contains the
Pc, Psc, Ph and Scm proteins.
Finally, in the same study we also analyzed the role of GAGA
factor (GAF) and of Zeste, a DNA-binding protein associated with PRC I. Other groups had proposed that these two
proteins function in PcG-mediated silencing of HOX genes.
By analyzing GAF and Zeste null mutants and by testing the
function of GAF and Zeste in a variety of sensitized genetic
assays, we found no evidence for the postulated role of these
two proteins in HOX gene silencing. Taken together, Pho and
Pho-like are thus the only DNA-binding proteins known to
be required for the long-term silencing of HOX genes. As in
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The TAP strategy for purifying protein
complexes from Drosophila embryos
PcG protein complexes have been notoriously difficult to
purify from Drosophila nuclear extracts. One of our aims
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extracts.To this end we have established transgenic lines that
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In each case, the transgene expressing the tagged protein
completely rescues animals that are homozygous for null
mutations in the endogenous gene. Purifications are under
way to isolate the tagged proteins and associated factors.
This work is being performed by Tanya Klymenko.
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Previously, our projects gathered around the development of
drug candidates to treat cystic fibrosis (CF). With the move
to EMBL in fall of 200 I, we now focus on finding new ways
to make the underlying CF signal transduction pathways visible in living cells.We hope that our findings will allow novel
approaches to develop CF treatment in the future. As targets, we are focusing (i) on the regulation of calcium-activated chloride channels (CaCC), (ii) phospholipase A2 as a key
enzyme in inflammation, and (iii) the interaction of proteins
and phospholipids, especially phosphoinositides. Regarding
methodology, we prepare (iv) membrane-permeant derivatives of highly charged bioactive compounds like inositol
phosphates and phospholipids, (v) small molecule and protein-based FRET probes that serve as sensors to monitor
enzyme activity and translocation events, and (vi) photoactivatable masking groups to serve as 'caged' compounds.

Calcium-mediated chloride secretion
In CF the ability to secrete chloride ions from epithelial cells
to the lumen of lungs, gastrointestinal tract, etc is largely
reduced due to a point mutation in the major epithelial chloride channel, the cystic fibrosis transmembrane regulator
(CFTR). As a result the hydration of apical epithelia is
impaired which ultimately leads to lethal infections in the
lung. One of the more promising approaches to treat CF
stems from the idea that alternative chloride channels in lung
epithelia may be activated to overcome the defect. The most
promising candidate appears to be the CaCC. It was shown
that the channel is under the negative control of myo-inositol 3,4,S,6-tetrakisphosphate [lns(3,4,S,6)P4]. In the past, we
developed membrane-permeant derivatives of Ins(3,4,S,6)P4
as antagonists that were intended to improve chloride secretion via the CaCC. Some of these derivatives are currently
investigated in Ussing chamber experiments in our lab
(Nicole Heath and Heike Stichnoth). Others are in drug
development in collaboration with Inologic Inc., Seattle. It
was shown that some of the compounds actively increase
chloride secretion of epithelia from CF patients when delivered to the apical membrane. Furthermore, the influx of
sodium ions via the epithelial sodium channel (ENaC), which
is pathologically high in CF epithelia, is reduced to normal
levels, when the monolayers are treated with the compounds. The latest study on nasal epithelia from CF patients
shows that the water uptake by the epithelial monolayer is
significantly reduced for several days when the compounds

are applied once a day, most likely as a result of the normalized sodium uptake.
Ultimately, we would like to understand how the inhibitory
Ins(3,4,S,6)P4 signal is mediated to the ion channels. Starting
next year,Alen Piljic will address this problem on the intracellular protein level and Christiane Jost will work on the
membrane proteins involved.

FRET probes to monitor PLA2
activity
Any treatment of CF will need to address the fact that the
lung tissue is infected. A key enzyme in inflammation is the
cytosolic phospholipase A2 (cPLA2), which is, among other
pathways, stimulated by elevated intracellular calcium levels.
In order to monitor intracellular cPLA2 levels during treatment, Oliver Wichmann designed and synthesized several
FRET probes based on phospholipids. The interacting fluorophors are attached to the tip of the fatty acids. Upon enzymatic hydrolysis of the sn2 fatty acid, the two fluorophores
separate, the long wavelength fluorescence decreases, and
the short wavelength fluorescence increases.The ratio of the
emission intensities reflects enzyme activity. Our best probe
currently shows ratio changes by a factor of 16. Probe derivatives for intracellular applications are equipped with bioactivatable S-acetylthioethyl (SATE) groups to mask the
charged head group of the phospholipid. These groups are
known to be stable extracellularly but are removed by
endogenous enzymes inside cells. For this purpose novel
phosphitylation agents that are suitable to introduce the
bioactivatable groups together with the phosphate were
developed.
In order to test the probes in a complex environment,
Oliver administered the probe to Medaka embryos in Jochen
Wittbrodt's lab. The probe was readily taken up by the
embryo, suggesting that the bioactivation approach was successful. The fish embryo development was further observed
by confocal microscopy in Jan Ellenberg's lab. A significant
ratio change in the range of 30 to 40 hours of development
indicated that cPLA2 was expressed for the first time. Similar
data were previously found for Zebrafish development, albeit
not in an online fashion (Farber et 01., 1999).

Protein-lipid interaction
Growth factors and the associated messengers, e.g. phosphatidylinositol 3,4,S-trisphosphate (PtdlnsP 3), are known to
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'Caged' derivatives

reduce calcium-mediated chloride secretion. The formation
of phosphoinositides leads to translocation of proteins to

In order to efficiently manipulate cellular events, the spontaneous rise in concentration of a signaling molecule is highly
desirable. Caged compound are designed to be abundant in
an inactive form that is freed of a photoactivatable masking
group by a light flash. We recently developed several new
phosphorylation reagents that are equipped with a photoactivatable 'cage', thus allowing us to introduce caged phosphates in a single step and, if necessary, in combination with
enzymatically cleavable masking groups. Model compounds
based on carbohydrates, nucleotides, and lipids were converted into caged derivatives. In the course of these experiments Carlo Dinkel prepared the first 'caged' derivative of
the putative second messenger myo-inositol 1,3,4,5-tetrakisphosphate.

the plasma membrane, where the lipids are recognized by
the protein's PH domain. It would be beneficial to monitor
and control these translocation events. Carlo Dinkel is currently synthesizing fluorescently tagged phosphoinositides
and Andreas Schleifenbaum is preparing PH domains
equipped with either GFP (in collaboration with Michael
Sattler's lab) or small fluorophores attached by in vitro techniques. The resulting FRET pairs are intended to allow the
monitoring of specific lipid-protein interaction. In the future
this might also lead to probes that can monitor the level of
phosphoinositides in living cells.
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snRNP recruitment. These results offer a molecular model
for how auxiliary factors can modulate 5' ss recognition
depending on non-conserved sequences in the vicinity of the
splice site.

During the last six years and a half our laboratory studied at
EMBL how the process of intron removal from mRNA precursors is regulated during cell differentiation and development. Our group was relocated during 2002 to the Centre
de Regulacio Genomica of Barcelona, where we will continue research in the same area. It is a particularly exciting time
for our field because the availability of whole genome
sequences, together with novel bioinformatic and genomic
tools point to an unanticipated prevalence and relevance of
alternative splicing in the regulation of gene expression. The
focus of our research has also widened during these years
from the molecular mechanisms of sex-specific splicing in
Drosophila to those of splicing events important for programmed cell death and tumor progression in mammalian
cells.

We also reported that TIA-I regulates alternative splicing of
the apoptotic receptor Fas by promoting exon 6 inclusion
and accumulation of a membrane-bound, apoptosis-promoting form of the receptor at the expense of a soluble form
(produced by skipping of exon 6), which inhibits cell death.
Changes in the extent of exon 6 skipping occur duringT lymphocyte maturation, and failure to undergo such changes
results in autoimmune Iymphoproliferative syndromes
(ALPS). In collaboration with the lab of Joachim Roesler
(Technical University Dresden), we have identified and characterized a mutation in an ALPS patient where duplication of
the 3' ss AG preceding exon 6 causes complete skipping of
the exon. The effect of this mutation is distinct from that of
the same mutation in other pre-mRNAs, and appears to be
linked to the unusual polypyrimidine-tract/branchpoint
structure of this 3' ss region.

Sex-specific splicing regulation In

Drosophila

(LouiseWoodley)
The protein Sex-lethal (SXL) is exclusively present in female
Drosophila flies and influences alternative splicing of target
genes, including its own pre-mRNA. The presence of SXL
causes skipping of Sxl exon 3, thus allowing the synthesis of
more SXL protein. We found that SXL autoregulation
depends on recognition of the 3' ss preceding exon 3 by a
spliceosomal protein, SPF45, which we have characterized in
collaboration with the lab of Angus Lamond (U. of Dundee).
SXL binding to uridine-rich sequences in the introns flanking
exon 3 facilitates its interaction with the amino-terminal
region of SPF45, inactivating its function at the latest step of
the splicing process (exon Iigation).This is in contrast to the
mechanisms of most splicing regulatory events, which target
early events in the formation of splicing complexes.

Function of the splicing factor U2AF

(Concepcion Martinez, Luis Soares)

The splicing factor U2AF is important to initiate the assembly of splicing complexes on pre-mRNAs.The 65 Kda subunit
of U2AF65 recognizes the pyridimine-rich stretch that precedes the 3' end of higher eukaryotic introns. The 35 Kda
subunit recognizes the last two intronic nucleotides (AG).
U2AF35-related factors have been identified and tested in
biochemical assays, in collaboration with the group of Maria
Carmo-Fonseca (University of Lisbon). Biochemical experiments, as well as overexpression and RNA interference
assays in cultured cells suggest that U2AF35-related factors
modulate the recognition of particular 3' ss by U2AF65 and
thereby alternative splicing.

Regulation of splicing and
programmed cell death

(P. Forch,j.M. Izquierdo, C. Martinez)

Another U2AF65-associated factor, LUCA-15, was reported
to have functions in tumor suppression and programmed cell
death. We have identified genes involved in the control of
these processes whose alternative splicing is regulated by
LUCA-15. Interestingly, different LUCA-15 isoforms have
antagonistic regulatory activities that can potentially explain
the effects of LUCA-15 deletion or overexpression in
human cells.

We previously reported that the apoptosis-promoting protein TIA-I is a regulator of alternative pre-mRNA splicing.
TIA-I facilitates U I snRNP recruitment to weak 5' ss followed by uridine-rich sequences (which are binding sites for
TIA-I). We have found that a glutamine (Q)-rich carboxyterminal domain of TIA-I interacts directly with the U I
snRNP protein U IC, and our mutational analyses suggest
that this interaction is important for TIA-I-mediated U I
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Analysis of alternative splicing using
DNA microarrays
(Angela Relogio)
We have optimized the design and use of oligonucleotidebased DNA microarrays (in collaboration with the group of
Wilhelm Ansorge at EMBL) and applied them to the study of
alternative splicing regulation during tumor progression.
Using a prototype for in situ synthesis of oligonucleotides
provided by an institutional agreement with the biotech
company febit AG (Mannheim), and with the help from
Vladimir Benes and his team at the EMBL Genomics Core

Publications during the year
Brett, D., Pospisil, H., Valcarcel, J., Reich, J. & Bork, R (2002).
Alternative splicing and genome complexity. Nat. Genet., 30,
29-30
Ferch, R, Puig, 0., Martinez, C., Seraphin, B. &Valcarcel, J.
(2002). The splicing regulator TIA-I interacts with U I-C to
promote U I snRNP recruitment to 5' splice sites. EMBO J.,
21 , 6882-6892
Lallena, M.J., Chalmers, K.J., Llamazares, S., Lamond,A.1. &
Valcarcel, J. (2002). Splicing regulation at the second catalytic
step by Sex-lethal involves 3' splice site recognition by
SPF45. Cell, 109, 285-296
Relogio, A., Schwager, C., Richter, A., Ansorge, W & Valcarcel,
J. (2002). Optimization of oligonucleotide-based DNA
microarrays. Nucleic Acids Res., 30, e5 I

facility, we analyzed changes in expression of 90 splicing factors and regulators in parallel with changes in alternative
splicing of genes involved in cell cycle control, apoptosis and
cellular metastasis. When different cell lines corresponding
to different stages of progression of Hodgkin's lymphoma
were studied, changes in the expression of splicing regulators
and specific spliced isoforms correlated with tumor grade. In
addition to their potential use as novel diagnostic markers,
these observations suggest that relevant events in tumor
biology are based on regulation of expression of alternatively spliced isoforms. We are currently trying to understand
how the changes in expression of splicing factors observed
affect biologically relevant alternative splicing events.

Woodley, L. & Valcarcel, J. (2002). Regulation of alternative
pre-mRNA splicing, Briefings on Functional Genomics and
Proteomics, I, 266-277
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In January 2002, the Medical Faculty of the University of
Heidelberg and the European Molecular Biology Laboratory
(EMBL) established the Molecular Medicine Partnership Unit
(MMPU) that is staffed by both institutions and co-directed
by Andreas Kulozik from the Department of Pediatric
Oncoloy, Hematology and Immunology of Heidelberg
University and Matthias Hentze from EMBL. The aim of the
MMPU is to develop an integrated translational research
strategy.
Starting with dedicated laboratory space on the medical
campus the Molecular Medicine Partnership Unit has started to assemble an international team of molecular researchoriented MDs, PhDs, PhD-students, and technicians.
Research groups of the MMPU have access to all of EMBL's
and the Medical Faculty's research facilities including the
technical core facilities. The research philosophy aims at the
molecular understanding of the basis of human diseases, its
application in diagnosis and therapy, and the feedback from
"bedside medicine" into the research laboratory. In January
2002, the MMPU began to establish itself, and it is now pursuing its current research with an emphasis on pediatric
blood disorders that are caused by abnormalities of mRNA
metabolism.

Quality control of gene expression
by nonsense-mediated decay:
understanding phenotypic differences
in heritable disorders
For a number of years, the group has been interested in
hemoglobin disorders in general and in the thalassemias in
particular.We were intrigued by an interesting phenomenon
that was first observed in nonsense-mutated human
genes. Although this type of mutation was expected to affect
translation, it was found that the corresponding mRNA levels were also reduced. This reduction of mRNA-abundance
was later shown to depend on a phylogenetically highly conserved post-transcriptional mechanism of RNA- surveillance
that is now referred to as nonsense-mediated decay (NMD).
NMD eliminates mRNAs that bear nonsense and frame-shift
mutations and thus encode C-terminally truncated, useless
or even harmful polypeptides.We had previously shown that
human NMD depends on cytoplasmic translation and can be
activated by a splicing event at a critical distance 3' of the
termination codon (reviewed in Schell et 01., 2002). We have
now addressed the question of whether introns are necessary for NMD to occur. We had previously found that naturally intron-containing genes loose the capacity to respond

to NMD when the introns are removed (Neu-Yilik et 01.,
200 I).We have now shown that the RNA of naturally intronless human genes such as that coding for the G-protein coupled melanocortin 4-receptor (MC4-R) is NMD insensitive.
The expression of such genes therefore fails to be monitored by the NMD-pathway (Brocke et 01.,2002).
The role of NMD in eliminating faulty mRNAs that result
from nonsense mutations or frameshift mutations in the
context of
disorders is well established. However,
a more general biological role of NMD is suggested by its
wide phylogenetic conservation. The elimination of
frameshifted transcripts that result from faulty splicing may
be an important biological function of NMD. To test this
hypothesis directly, we established a model system that is
based on a splice site mutation of the
gene that
results in
Pre-mRNAs with this mutation are
spliced at the normal site and at three cryptic spice sites,
enabling a direct comparison of the effect of NMD on the
accumalation of normal and frameshifted mRNAs. In transfected HeLa cells, the predominant frameshifted transcript
was degraded under conditions of active NMD, whereas its
accumulation to high levels occurred under conditions of
specifically disabled NMD, thereby indicating an important
physiologic function of NMD in the control of splicing products. An unexpected finding was the accumulation of a second aberrant splice product that remained unaffected by
NMD. The mutation thus revealed the presence of an
unknown cis-acting determinant that influences the NMD
sensitivity of a putative NMD substrate (Danckwardt et 01.,
2002).This model system will serve as a useful tool for defining the mechanisms that permit specific transcripts to circumvent the NMD pathway.

Blood-coagulation defects arising
from altered mRNA metabolism
Another focus of our work also originated from a clinical
research project. We analyzed the genetic predisposition of
children with thrombosis. A mutation at the 3' c1eavage/polyadenylation site of the coagulation factor " (also
referred to as prothrombin) mRNA is of particular clinical
interest, because it occurs in about 2% of the North-West
European population and increases the thrombosis risk by
about 5-fold. It has been unknown how this mutation acts to
cause imbalance of the blood coagulation system.
We had previously developed an experimental system that
enabled us to establish that the normal prothrombin mRNA
is surprisingly inefficiently processed at the 3' end (Gehring
et 01., 200 I). The mutation causes a gain of function of 3' end
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RNA processing, which represents a novel principle for the
molecular pathogenesis of a genetic disorder. After having
established the new laboratory in Heidelberg, we are now
actively pursuing this project further and are currently char-

acterizing the function of this novel molecular mechanism.
More generally, we aim to obtain insight into the physiological implications of different levels of 3' end processing efficiency.
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In our group we are interested in understanding how proteins acquire the three dimensional structure and the relationship between this and protein function. Our goal is to
infer general rules and develop algorithms that have predictive power and can be used for rational design, as well as to
address biological problems. We believe that the combination of theoretical and experimental approaches is the most
fruitful way to address a complicated problem like protein
folding and protein function. This is the reason why apart
from research lines purely focused on these objectives, we
also work on more biologically oriented projects trying to
apply our structural knowledge to solve them. More recently we have started a new research line focused on the quantitative understanding of biological systems, combining
experiments and theory. The ultimate goal is the development of a computer algorithm that could be used to design
and engineer biological networks.
Individual research lines.

Understanding amyloid fibre formation
(Manuela Lopez de la Paz, Sandra Esteras, Maite
Pastor)

A rational and thorough understanding of the driving forces
leading to amyloid fibril formation is required for the identification of novel strategies to prevent or cure the diseases
associated with amyloid fibril deposition.To this end we have
computer designed a peptide-based model system of amyloid fibril nucleation that consists of homopolymeric
sheets with six residues per strand (Lopez et 01., 2002). Now
we have used this system to do a complete polyalanine scanning of one of the hexapeptide sequences that form amyloid
fibrils. This scanning reveals the importance of certain positions in amyloid formation. Based on the scanning we are
developing a computer programme to predict amyloidogenic
regions in proteins. In parallel we are screening different peptide libraries to find inhibitors of fibril formation and to learn
the rules regarding specificity of interaction and mode of
action.

Predicting protein folding

Ooost Schymkowitz, Frederic Rousseau, jasper Borg,
AnaMaria Escamilla)
In our group we have developed a simple potential (Fold-X),
based on a Go-model approximation that includes
sequence-dependent specific effects. This algorithm uses a
two window approximation and does not treat properly
loop entropy. Currently we are developing Fold-X, to include
a multiple window approximation based on MonteCario as
well as a better treatment of loop entropy.

Protein design

Oose Reina, Gregorio Fernandez,joaquin Mendes,
Vicente Tur)
We have continued developing our algorithm for protein
design, (Perla). Perla explores all possible rotamers of the
twenty amino acids simultaneously at all positions in a protein and selects the optimum combinations. This algorithm
takes into account van der Waals, electrostatics, hydrogen
bonds and solvation, as well as other factors that include the
denatured state, like side chain entropy and the <I>,\Jf preferences of the 20 amino acids. We have used Perla to design
new core sequences as divergent as possible from the natural ones in order to determine their folding properties
(Ventura et 01., 2002). Our results indicate that even when a
design exercise produces a stable protein, it does not mean
that the design process has been entirely successful. Strained
interactions could have been introduced and just a small
reduction in the buried volume could result in a large
increase in overall stability and a dramatic reduction in
unfolding rates. Perla has also been used to re-designed PDZ
domains to recognize different C-terminal sequences (Reina
et 01., 2002; Figure I). These engineered PDZ domains could
have useful applications in developing protein chips.

New Force field to predict protein
stability and protein-protein
complexes

Ooost Schymkowitz, Frederic Rousseau,jasper Borg)

We have developed a computer algorithm, FOLDEF (for
FOLD-X Energy Function), to provide a fast and quantitative
estimation of the importance of the interactions contribut129 - - - - - - - - - - - - - - - - - - - - - - - -
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quantitative manner. To achieve this simple model systems

ing to the stability of proteins and protein complexes. The
predictive power of FOLDEF was tested on a very large set
of point mutants (I 088 mutants) spanning across most of the
structural environments found in proteins (Guerois et al.,
2002). FOLDEF uses a full atomic description of the structure of the proteins.The FOLDEF is available via a web-interface at http://fold-x.embl-heidelberg.de. Recently we have
modified the force field so that now it can predict the binding affinities of metals as well and we are planning to introduce parameters to allow to predict DNA interactions. Also
we have recently managed to include the features of Perla in
FOLD-EF, so that now we can benefit from the design
aspects of Perla and the accurate force field of FOLD-X.

will have to be developed. As in protein design, these simple
systems will allow the testing of different mathematical models and the extraction of rules that could allow in the future
the rational engineering of biological processes. On the
other hand we should develop computer models to try to
reproduce and predict particular aspects of living cells.
Models can be used for testing hypotheses, but they can also
be seen as a way of integrating large amounts of experimental data in a more manageable and understandable structure.
Although it may seem very optimistic to actually include
everything that is known today in one enourmous model,
maybe this goal could at least be partially reached in five or
ten years. To do this we need the right tools. We are now

Understanding gene networks

attempting a first step towards one such tool, called

(Konstantinos Michalodokis, Mark Isalam, Caroline Le
Merle, Barbara di Ventura, Isabel Oliveira)

Smartcell. More specifically, Smartcell is a framework for
modelling and simulation of cell biological models. It is of use

In recent years the amount of information generated by the
so-called "Biological mass production revolution" has grown
exponentially. The number of genomes fully sequenced, the
patterns of gene expression of thousands of genes and the
initiation of structure genomic projects, is providing
researchers with a myriad of new data. However, ultimately
to understand how a complex organism or genetic network
operates, biological processes have to be described in a

when the model is constructed, by providing a suitable
model description format. It can also be used to investigate
the behavior of the model by providing a simulation engine.
Simultaneously we are creating and analyzing small gene networks to understand their working.We are creating a signal

transduction pathway in E. coli and also engineering a feedforward loop.
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Comparative genome and proteome analysis
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Peer Bork
Miguel Andrade, Francesca Ciccarelli, Warren Lathe 111*, Carolina Perez, Bernd Simon*, Shamil
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Evgeny Zdobnov*, Richard Copley*, Yan Ping Yuan
Stephanie Boue*,jan Korbel, Ivica Letunic, Parantu Shah, Berend Sne/*
Domenico Bordo, Thomas Dandekar, Mathilde Foglierini, Daniel jaeggi, Roland Krause, Enrique
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*Indicates part of the year only

The main goal of this group is to predict function and gain
insight into evolution by comparative analysis.The group currently predicts functionality at three different levels: i) genes
and proteins, ii) protein networks and cellular processes and
iii) phenotypes.The three major topics require both method
development and their application. In 2002, the analysis of
eukaryotic genomes and the establishment of reliable protein interaction networks were the central focus, although
various application projects have been also completed. As in
the years before, we maintained useful web-servers and
implemented some novel ones to make bioinformatics tools
easily accessible.

Analysis of complete genomes
Based on our work on protein analysis in the context of the
human genome sequence (lHGSC, 200 I), we also participated in the annotation of the mouse genome. In addition to
protein sequence analysis, we paid special attention to the
identification of pseudogenes in the genome. Our methods
revealed a lower limit of 18,000 pseudogenes in mouse;
4,000 of them are likely to hide in the initial gene predictions
(MGSC, 2002).
The group took also part in the analysis of the mosquito
genome (Holt et 01., 2002). In collaboration with the Kafatos
group, a detailed genome and proteome comparison with
fruit fly was carried out. Several higher order features were
quantified such as chromosomal rearrangements (Figure I),
the evolution of exon/intron structure or differences in the
proteome composition (Zdobnov et 01., 2002).
While the animal genomes due to their size and complexity
are analyzed by large consortia with defined subtasks (our
part was, for example, always downstream of the ENSEMBL
team in these projects), microbial genomes can now by
sequenced and analyzed by rather small teams. For one
prokaryotic genome, that of the bacterium Bifjdobacterium
longum, we helped a group from Nestle to study its interactions with humans. So far, mostly pathogens were sequenced
to analyze invasion mechanisms. B. longum is one of the key
commensals that promote a healthy human gastrointestinal
tract. The project revealed various adaptations to the environment such as extensive carbohydrate catabolism and
possible beneficial features such as the production of some
vitamins.

The direct participation in sequencing projects helped us to
get a feeling for data quality, completeness and current production pipelines.We thus were able to adapt our own tools
towards the upcoming challenges.

Classification of modular proteins
In this regard, one of our tools, the simple modular architecture research tool (SMART; collaboration with Chris
Ponting's group at MRC, Oxford) is being adapted to bridge
between proteome and genome data. Many other novel features have been implemented in response to its heavy usage
and several application projects are ongoing. In addition to
the identification of a novel domains (Doerks et 01., 2002a,b,
Ciccarelli et 01., 2002a,b, Patel et 01., 2002) we used
for example, to predict cellular localization of proteins with
high accuracy (Mott et 01., 2002). We are currently integrating information on orthologs and intron/exon structure into
the SMART database that might allow us to identify correlations between domain architecture and gene structure evolution. Furthermore, we have shown that alternative splicing
is equally frequent in many animals (Brett et 01., 2002) and
often seems conserved between species (Zdobnov et 01.,
2002). Indeed, we have used already some of the novel features to identify novel alternative splice variants conserved
between species.

Protein complex analysis
In our attempts to predict higher order function we started
fruitful collaborations to tackle the identification and the
understanding of protein complexes in the context of networks. We have been involved in the first large-scale identification and analysis of protein complexes in yeast that has
been carried out by Cellzome (Gavin et 01., 2002). It generated a huge amount of data ready for further analysis. In the
context of a project of the structural and computational
biology programme that aims at a pipeline for the fast structural characterization of protein complexes, we participated
in a pilot project to study the exosome, one of the complexes that were characterized by Cellzome (Gavin et 01.,
2002). Together with Rob Russell's and Bettina Bottcher's
groups we analyzed the data to build a three-dimensional
model of the complex. Within the project, many other biochemically identified complexes are being analyzed by vari132 - - - - - - - - - - - - - - - - - - - - - - - - -
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ous groups of the programme to enable their fast structural
characterization.

Function prediction and protein
networks
Dm:2L

Ag:3R

Dm:2R

Many transient interactions are difficult to identify by purification, but can be already predicted by comparative genome
analysis. In fact, exploitation of genomic context is a long
term project in the group which goes back to 1995 when the
first cellular genomes became available (see Huynen and
Bork, 1998). The main focus in 2002 was to combine several
in silico methods for protein interaction prediction (conserved gene neighborhood, gene fusion and phylogenetic cooccurrence), to introduce reliable scoring systems and to
apply the results to the prediction of higher order function
(Figure 2). As a first measure to quantify the predictive
power of various gene context methods in eukaryotes, we
started to analyze all the 80,000 published binary protein
interactions in yeast and compared them among each other
or to a reference set of well-known examples.The combined
in silico methods were among the best in this comparative
study in terms of both sensitivity and selectivity (von Mering
et al., 2002). We also tracked the increase of performance
over the years and it turns out that function prediction by
genomic context analysis is becoming as powerful as homology-based function prediction (Huynen et al., 2003). Several
other benchmarks were performed and used to assign confidence to each individual interaction prediction. When all
the binary interactions are combined, protein interaction
networks can be computed (Figure 2) and analyzed. A pilot
project was the identification of functional modules in such
networks (Snel et al., 2002b), but together with the
Ouzounis group we are also comparing predicted and
known interaction networks in E. coli to predict novel pathways and to estimate the fraction of interaction networks
that are readily identifiable in a genome.

Linking phenotypes and genotypes
via literature mining

Figure I. Mosquito chromosome mapping. Mapping of orthologous genes between the malaria mosquito Anopheles gambiae
chromosomal arm 3R and fruit fly Drosophila melanogaster
arms 2L and 2R. Although it is possible to see a correspondence
between Anopheles and Drosophila chromosomal elements,
e.g. Dm:2L and Ag:3R, a substantial shuffling of genes has been
occurred since divergence of the two species. The uniform distribution of synteny remnants along the chromosomal length suggests a higher rate of intra-chromosomal rearrangements rather
than exchanges between different chromosomal elements. The
gene density is shown by intensities of grey.

Although our main activities concentrate on the cellular
level (protein networks), we also try to combine phenotypic with molecular information. Most of the phenotypic
knowledge is hidden in the literature and therefore we continue to develop tools for information extraction with a
focus on the MEDLINE abstract database. While improving
the methodology (fuzzy associations, speech tagging, etc.) we
have also started the first application projects. For example,
there are almost 500 inherited diseases that have been
mapped to certain regions in particular chromosomes but
for which no gene has been identified yet. With a combination of data mining (matching phenotypic information of the
disease frm the literature with molecular function information from candidate genes in the locus) and homology
searches, we were able to predict candidate genes for many
of these diseases. Benchmarks indicate that such a filtering
will speed up the disease gene identification in many cases
dramatically (Perez-Iratxeta et al., 2002c).
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Tool development
We have continued to maintain and improve a number of
WEB servers, the most important one being SMART for
domain analysis (by now about 2000 queries per day and various other accesses). Others include blast2 for homology
searching, Xplormed for advanced MEDLINE analysis (PerezIratxeta 2002a,b), G2D for the association of genes to genetically inherited diseases (Perez-Iratxeta et al., 2002c) and
Polyphen for the prediction of the effects of SNPs either by
3D mapping or analysis of multiple alignments (Ramensky et

al., 2002). This server requires mining of SNP databases. In
this regard, we continue to contribute to the European SNP
database (HGVBASE) developed by a consortium under the
lead of Antony Brooks (Karolinska Inst., Stockholm) and
hosted at the EBI. The most important new development is
the major reorganization of the STRING server (von Mering
et al., 2003) that now allows the reliable prediction and
analysis of protein interaction networks (see also above). It
currently predicts functional associations with a predicted
accuracy of >80% for about 200,000 genes in 89 species
(almost 60% of all genes in those species).
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Figure 2. Protein interaction networks - revealed by comparative genome analysis. Inside the cell, a complex network

of functional interactions exists between the thousands of different proteins. Some bind each other physically, forming stable complexes; others interact by
modifying and regulating each other; yet others may perform subsequent reactions in a metabolic pathway. For a systems-level understanding of biology, these functional associations need to be charted exhaustively. Comparative genomics can provide valuable information towards that end: Genes often show characteristic genomic patterns when their protein products are interacting functionally. These
genes tend to form conserved operons (i.e. are close neighbors in the genome), they have a tendency to be fused into single genes in
some genomes, and they show a similar occurrence pattern when analyzed across genomes (Le. they are either present of absent together). The figure shows output from the STRING-server, illustrating the connections for a small subset of the network.
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Electron microscopy and image processing is one of the
most powerful tools in the structural investigation of large
biological complexes. Insights into the structural organisation of the complexes can be gained without the necessity of
crystallising them. This provides us with a tool for observing
large conformational changes, which are not hindered by
crystal contacts. The shortcoming in resolution can often be
compensated for by using the low resolution maps derived
from electron microscopy as a scaffold for fitting in atomicmodels of smaller sub-complexes which structures were
determined by other methods. Our main interest are proton-translocating A-, F- and V-type ATPases, which are large
membrane bound protein complexes with molecular masses
between 550 and 900 kDa. We employ biochemical studies
as well as electron microscopy and single particle averaging
techniques for the structural analysis.
In collaboration with other groups we use our expertise in
electron microscopy and image processing to investigate
other complexes, like the membrane bound complex I from
E. coli (Friedrich group, University Freiburg), Adeno
Associated Virus Type-2 (Kleinschmidt group, DKFZ
Heidelberg), duck Hepatitis B core protein, chimeric
Hepatitis B core protein (Nassal group, University hospital
Freiburg) and African cassava mosaic virus Geske group,
University Stuttgart). Especially for the viruses and virus like
particles the high symmetry and the high molecular mass of
the particles enables accurate determination of the orientations of an individual particle, allowing structure determination with sub-nanometre resolution. In the following report
we will report on only two of these collaborative projects.

The F-type ATPsynthase from
chloroplasts
F-Type ATPsynthases consist of a membrane embedded Fo
and a hydrophilic F I. Both parts are connected by a thinner
stalk-region. In chloroplasts the F I is formed by five different
subunits with the stoichiometry (dP)3y8£. The membrane
embedded Fo is built of four different subunits with the stoichiometry of I, II, 111 14, IY:The whole complex has a molecular mass of about 550 kDa.The enzyme can catalyse ATP-synthesis/hydrolysis coupled to a transmembrane protontranslocation. Catalysis only occurs if the enzyme is activated by a transmembrane electrochemical potential difference
of protons,
Since
is missing in purified solubi-

lized samples of the ATP-synthase the enzyme is incapable of
ATP-hydrolysis as well as of ATP-synthesis.
It is thought that the ATPsynthase functions with a rotational mechanism (for review see Junge 1997), in which a central
rotor driven by proton-translocation rotates and causes
conformational changes in the static catalytic nucleotide
binding sites on the p subunits. A static connection between
Fa and FI' prevents the co-rotation of (ap)3 core-complex.
The mechanism requires the existence of three equivalent
conformations that vary in the rotational position of the
rotor in respect to the static part. We were wondering if in
the none activated enzyme, all three conformations were
adopted with the same probability or if a unique resting position was adopted. As the expected differences are rather
large and would interfere with formation of highly ordered
three-dimensional crystals, we decided to address this question by electron microscopy and image processing.
Finally, we succeeded in determining a three-dimensional
map of the ATPsynthase from chloroplasts embedded in vitrified buffer solution at 20A resolution. The map provided a
scaffold into which the atomic models of sub-complexes and
individual subunits could be fitted (Figure I).
By comparing the volume occupied by the fitted atomic
models of the sub-complexes with the volume determined
by image reconstruction, the exact position and shape of the
static elements, which structures are still unknown, could be
determined.
The careful analysis of all the available data implied that the
inactive ATPsynthase from chloroplasts had adopted a
unique resting conformation, which is different from the
expected conformations adopted during catalysis. In this
respect the ATPsynthase from chloroplasts should be suitable for three-dimensional crystallization, which we currently optimise.

V-type ATPases
V-type ATPases are required to acidify vacuoles on the
expense of ATR thus under physiological conditions they
work in the opposite direction as F-ATPases.V-ATPases have
molecular masses between 700 and 900 kDa. Similar to the
F-type ATPsynthases they consist of two parts, a membrane
embedded Va and an extrinsic VI' which are also connected
by a thinner stalk region. The exact subunit composition of
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V-ATPases is still under debate and might vary between
species. Combining available biochemical data with a threedimensional map of the V-ATPase from a plant (Kalanchoe daigremontiana), we proposed a model for the three-dimensional organization of the subunits within the complex
(Figure 2).

c
D

of the chloroplast ATPsynthase
embedded in vitrified buffer (grey surface) with fitted atomic models of sub-complexes (coloured line drawings).

Figure I. Three-dimensional map

Working with aV-ATPase Kalanchoe is quite cumbersome in
many respects, e.g. growing of the plant material, availability
of sequence information possibilities of mutational experiments. Therefore, we have established the isolation of VATPase from a different source, which is easier accessible,
better characterized and principally amendable for mutational experiments. This source is the fungi, Neurospora
Crassa. We are now able to isolate I 0
of highly purified,
functional enzyme from 8 I of culture on a routine basis.With
this small amount of protein at hands, structural studies
proofed difficult. Although this amount of material was sufficient for investigation by negative staining (200 I ), it was too
little for an extensive exploration by standard protocols in
electron cryo microscopy. Therefore, we spent some time in
optimizing the sample preparation protocols for the electron microscopy with the aim to "trick physics" and get
acceptable numbers of particles in the field of view. With
these improvements we finally succeeded to collect 2000
particle images and combine them to a three-dimensional
map at 30 A resolution.This map showed VI andVo part as
well as a connecting region which was spanned by at least
three connectors, possibly four. The arrangement of the connectors was comparable to the one we observed earlier in
a three-dimensional map of the Kalanchoe V-ATPase at 20 A
resolution (Figure 2) highlighting the reliability of the new
map.
Now that we have developed the tools for imaging the VATPase embedded in vitrified buffer it is our aim to improve
the three-dimensional map, by including more and more particle images in the image reconstruction. Finally, this map will
be used as a scaffold for fitting in the atomic structures of
individual subunits and sub-complexes and thus building up
an atomic model of the complex, without the necessity to
crystallize the complex as a whole.
Since atomic structures of V-ATPase components are still
scarce, we have started to clone and express individual subunits, with the aim of high resolution structural studies. So
far we can over-express and purify all subunits, which are
involved in forming the connecting region.

A-ATPase from Thermus Thermophilus

Figure 2. Three-dimensional model of the V-ATPase from
Kalanchoe at 20 A resolution as derived from electron

microscopy and image processing and proposal for subunit
arrangement (mirror).

A-ATPases are mainly found in Archae, where they take on
the role of F-ATPases and catalyse ATP-synthesis driven by
However, the subunits of A-ATPases share more
sequence homology with subunits from V-ATPases, which in
eukaryotes work in the opposite direction. By studyingA-, Fand V-ATPases we have the unique opportunity to identify
those components, which are important for function and
regulation as well as their structural influence on the overall
organisation of the whole enzymes.
As A-ATPase we have chosen the ATPase from Thermus
Thermophilus. Interestingly Thermus is not an Archae but a
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Figure 3. Surface representation of the U-shaped conformation of complex I from E. coli. The expected plain of membrane is drawn as
green-yellow block. The modules of the complex are colour coded as follows: yellow: electron input-module; red: hydrogenase-module, blue:
transport-module.

prokaryote, which presumably acquired the A-ATPase by
horizontal gene transfer. Up to now, we have established a
purification protocol. The purified protein can be reconstituted into liposomes and synthesizes ATP from ADP and Pi
in a pH-jump experiment. In electron microscopy, negatively
stained samples show the typical dumbbell-like shape as
observed for all A-, F- and V-ATPases so far. In future we will
further characterise the complex by electron microscopy
and image processing as well as by functional measurements
enabling a detailed comparison to the F- and V-ATPases.

Complex I from E. coli

(collaboration with Friedrich group, University
Freiburg, Germany)
The inner mitochondrial membrane of mitochondria and the
cytoplasmic membrane of bacteria contain a proton-pumping NADH:ubiquinone oxidoreductase, also called respiratory complex I. Complex I is a multisubunit enzyme catalyzing
the electron transfer from NADH to ubiquinone coupled
with the translocation of 4 protons across the membrane,
which contributes to the
required by the F-ATPases
for ATP-synthesis. The simplest form of a proton-pumping
NADH:ubiquinone oxidoreductase known so far, exists in
bacteria In general, the bacterial complex consists of 14 different subunits which add up to a molecular mass of about
535 kDa. In collaboration with the group of Prof Friedrich at
the University Freiburg, we investigated samples stained with
gold-thioglucose by electron microscopy and image processing. Interestingly, depending on the salt concentration the
complex exhibited either an L-shape at high salt concentrations or a U shape at low salt concentrations.The L-shape in
which the extrinsic part is thought to project perpendicularly out of the membrane has bee reported earlier for many
complexes of different species. However the U-shape, in
which the peripheral arm is thought to be parallel to the
membrane is a nouvelle conformation (Figure 3).

Functional and biophysical measurements indicated that
there is indeed a major difference between the complex in
low and high ionic strength, which is fully reversible.
According to these measurements, the U-shaped complex is
the functionally active complex, whereas the L-shaped complex is inactive and can only be activated by the addition of
lipids.
We plan to continue our work on complex I on samples
embedded in vitrified buffer, in which we can accurately
determine the ionic strength. So far, we looked at low and
intermediate salt concentrations and in principle can reproduce our findings from the negatively stained samples.

Human Hepatitis B core protein as
icosahedral carrier

(Collaboration with Nassal-group, University hospital
Freiburg, Germany)
The structure of icosahedral shells formed of the human
Hepatitis B core protein is already known from electron
microscopy (Bottcher et 01., 1997) and X-ray crystallography
(Wynne et 01., 1999). The shells are either formed by 180 or
240 identical subunits of the core protein. In the shells the
subunits are clustered into dimers, which form spike like
protrusions at the surface. Besides the 90 or 120 spikes the
shells have holes at either side of the spikes as well as at the
pseudo-six-fold and five-fold symmetry axes. This arrangement is quite robust to manipulation. For example, it is possible to insert the sequence of whole proteins like GFP or
OSPC at the position of the tips of the spikes, without interfering with particles formation. In collaboration with the
group of Prof. Nassal at the university hospital in Freiburg,
we wanted to exploit these properties, to force small asymmetric proteins into an icosahedral packaging. For structural
investigations by electron microscopy and image processing
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sic symmetry reduces the search space for determination of
the spatial orientations and therefore speeds up the processing times; (ii) the symmetry allows internal averaging for
image reconstruction and thus reduces the number of views
required to obtain a certain resolution; (III) the large assemblies make small proteins accessible for studying by electron
microscopy and image processing, which would otherwise be
too small for analyses. These advantages facilitate structure
determination and enable resolutions in the sub-nanometre
range, provided that the inserted protein would be rigidly
attached to the icosahedral matrix. From a biochemical point
of view the constructs are interesting for the generation of
antibodies or vaccines, because the immune response to
these agents is usually much stronger than to the 'foreign'
protein alone.

Since the insertion of the 'foreign' proteins into the
sequence of the core protein is tedious and requires a careful optimization for every new protein, we are currently
investigating a more flexible approach, in which an acidic
sequence is engineered into the core protein. The corresponding basic sequence is then inserted into the 'foreign'
protein. With this type of construct we have a sort of snap
fastener, where we keep the icosahedral carrier constant and
only modify the 'foreign' protein.

So far we have investigated inserts of different proteins, with
various linker regions. However, for most of the constructs
the linkage was too flexible for high resolution structural
information. Interestingly in most of the constructs, the two
types of spikes were not equivalent, as in the wild type core
protein, but showed a different arrangement depending on
the spatial environment.
This can be nicely seen in the small shells (Figure 4). Here,
there are only the spikes surrounding the five-fold symmetry
axes formed properly, whereas the expected spikes at the Figure 4. Human Hepatitis B core protein with GFP inserted at
two-fold symmetry axes are missing, probably due to unfold- the tips of the spikes. Left large shell formed from 240 subunits,

.

Ing.

right small shell formed from 180 subunits.
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Our laboratory studies the macromolecular interactions
that govern the bidirectional movement of proteins and
RNAs between the cytosol and the nucleus of eukaryotic
cells. We are interested in the atomic-level mechanisms
underpinning nuclear transport and we use a structural
approach to investigate them. Research in the lab focuses on
macromolecular structure determination using X-ray crystallography in combination with wet-lab biochemistry and in
combination with other structural techniques (such as SAXS
and NMR) to gain molecular insight into this fundamental
biological process.

mRNA nuclear export
Nuclear export of cellular mRNAs in higher eukaryotes
involves a complex series of events to ensure that only properly spliced mRNAs reach the translation machinery in the
cytosol. A key player in this context is the Exon-Junction
Complex (EJC), a dynamic multiprotein complex that is
deposited onto the mRNA at the end of splicing. The EJC
assembles near exon-exon junctions and is thought to
recruit the export factor TAP via one or more of its putative
7 components. As the mRNA is exported out of the nucleus, several of the EJC components are left behind. On the
other hand, the core of the EJC remains bound on the
mRNA in the cytoplasm and is indeed bound so tightly that
removal requires transit of ribosomes across the EJC locus.
The Mago and Y 14 proteins are at the core of the EJC. The
two proteins are highly conserved in higher eukaryotes and
form a tight heterodimer both in vitro and in vivo. The MagoY 14 complex influences the fate of mRNA in the cytoplasm
at multiple levels. It interacts with components of the
Nonsense Mediated Decay (NMD) pathway and is involved
in the localization of RNAs such as Oskar in Drosophila
development. It thus seems to function as a mark communicating to the cytoplasm the processing history of the mRNA
and imparting to the translation machinery information
needed to distinguish between a premature and a legitimate
stop codon.
To understand how the core of the EJC fulfills its multiple
functions at the molecular level, we have determined the
structure of the Mago-Y 14 complex. The structure shows a
tight embrace between the two proteins. Mago is built by an
extended and flat antiparallel
with two a-helices on
one side. The two helices are lined with conserved residues
and pack against a conserved surface ofY 14. From a structural standpoint, Y 14 is characterized by a RBD domain

(RNA-binding domain), which had been also identified at the
sequence level. However, the RBD is atypical in that it interacts with the protein Mago rather than with RNA. Given the
number of RBDs in the genome and their multiple functions,
this kind of protein-protein interaction might well be a more
common feature of RBDs than anticipated.
The structure of Mago-Yl4 shows that a number of conserved residues are exposed at different locations on the
surface of the heterodimer, suggesting the complex might
function as a platform for specific protein-protein interactions.Work is in progress in collaboration with E.lzaurralde's
group in the EMBL Gene Expression Program to elucidate
how these conserved surface areas are involved in specific
interactions with components of the nuclear export, cytosolic RNA localization, NMD and translation machineries.

The
family of nucleocytoplasmic transport factors
With the exception of mRNA export, the bulk of nucleocytoplasmic transport is mediated by the karyopherin-p or
like family of transport factors. The family
includes more than 20 members in higher eukaryotes, each
carrying out specific nuclear import or/and nuclear export
functions. p-Iike transport factors are large molecules, of
about 100 kDa, characterized by a segmented architecture of
multiple contiguous helical repeats (known as HEAT repeats)
and inherent flexibility. The(transport factors respond to the
GTPase Ran to load and unload their cargoes in the appropriate compartment. Importins bind their cargo in the
cytosol and release it in the nucleus upon binding
Exportins bind their cargo in the nucleus in the presence of
RanGTP and release it in the cytosol upon hydrolysis of
RanGTP to
Directionality of nuclear import and
export processes is thus dependent on the presence of
RanGTP at high concentrations only in the nucleus and not
in the cytosol.
Structural information is available at present on two different importins locked in their cargo-bound and RanGTP
bound conformations, respectively. It is unclear how
exportins function at the molecular level and why RanGTP is
needed to form a trimeric export complex with the transport factor and the cargo while it dissociates a binary import
complex. Given that the conformations observed in the two
importin structures are quite different, it is also unclear in
general what is the range of conformations transport factors
can adopt, and whether these conformations are dependent
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on the transport factors themselves, on the cargoes they
bind to, or both.

Figure I. Structure
Y/4 (orange)

of the complex between Mago (purple) and
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We are analyzing the conformations of a set of transport factors in their free and bound state using small angle X-ray
scattering (SAXS) in collaboration with D. Svergun at EMBLHamburg. Despite the resolution achievable with SAXS
experiments is limited, this technique allows to visualize the
overall shape of the molecule locked in different conformational states. Besides obtaining information on the conformational range assumed by p-like proteins in different stages
of their transport cycle, we are using the information on the
overall shape of the molecules to guide crystallization experiments. So far we have obtained several crystal forms of two
different exportin complexes. The crystal forms still diffract
in general to low resolution and screening is ongoing.
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The group combines research and development in computational biology with an in-house sequence analysis service and
maintenance of several computational facilities, particularly
SRS, Gene2EST and our Bioccelerator hardware. We take
the view that the best teaching will be done by active
researchers, hence we aim for a mix of service and research
and development. As well as several collaborations with
external groups, we maintain close links with the other
groups in the Biocomputing Unit.

Sequence analysis service
The service aims to provide education and advice as well as
maintaining some of the essential computational facilities for
sequence analysis at EMBL. We are consulted on a regular
basis and run courses in the computer teaching room to
train users in software usage e.g. introducing the new intake
of predocs to sequence analysis at EMBL.
In addition to the existing SRS, Bioccelerator and Gene2EST
servers, this year we have rolled out three new online tools:
ELM, BLAST2SRS and GlobPlot. SRS (sequence retrieval
service) was developed by Thure Etzold (formerly at EMBL,
now at LION AG) and has become the main tool for retrieving sequence (and structure) data from databases. Chenna
Ramu and Christine Gemund maintain the EMBL SRS server.
The server typically receives about -4,000 accessions per
day (the majority from external sites), indicating the importance of the retrieval service to the biological community.
HTML links in the search outputs from the Bork Group's
BLAST 2 and SMART servers and our Bioccelerator allow
users to instantly retrieve sequences for the top hits.
The Bioccelerator (Bic - produced by Compugen Inc., Israel)
can do a number of sensitive database search permutations
based on the Smith-Waterman algorithm, including profile
searches. We emphasise the protein vs. DNA frameshifting
capability for searching EST databases, which takes -1-2
hours but could take several days on a single CPU. Because
of the high frequency of errors in the ESTs, they contain
many frameshifts, and the Bic provides the most sensitive
way to search ESTs that is currently practical. (ESTs are useful for identifying unknown homologues, which is particularly important in vertebrates, as these now appear to be polyploid with up to four paralogous genes with overlapping

function.) The Bic also provides a highly efficient way to do
whole genome comparisons between prokaryotes: given the
two sets of encoded proteins, it will compare them all in a
couple of hours.

Software and methods development
In collaboration with Julie Thompson, Oliver Poch and colleagues (IGBMC, Strasbourg) and Des Higgins (Cork), we
have continued to support the multiple sequence alignment
programs, Clustal Wand X (Thompson et 01., 1994;
Jeanmougin et 01., 1998). The two programs continue to be
the most widely used software for multiple alignment.
(Clustal W, published in 1994, has now received >9,000 citations, -2000 for this year.) It should be noted that the EBI
outstation runs a heavily used Clustal W web server which
has certainly contributed to this success. Chenna Ramu is
currently working on some ideas to improve alignment performance.

The ELM server
This is the interface to our ELM protein motif resource that
allows users to search for short functional motifs. The ELM
project is discussed in more detail below.

The BLAST2SRS server
Biologists retrieve sequences by two methods: sequence
similarity or key word search. In practice, it is often necessary to apply both methods independently.We felt that there
are situations where the two approaches should be integrated. Therefore Kostas Bimpikis has developed a server that
allows SRS queries to retrieve user-defined subsets of
BLAST search results. For example this could allow a user to
retrieve from> 1000 hits, just the human non-receptor tyrosine kinases.

The G/obPlot server
As a consequence of the ELM project, we need to be able to
identify nonglobular regions of proteins, as these are a rich
source of short functional sites (phosphorylation, etc.)
Existing methods use a sliding window of conformational
parameters but this does not work very well as the segments can be of any size. Therefore Rune Linding with Rob
Russell and Victor Neduva have implemented a simple graph144 - - - - - - - - - - - - - - - - - - - - - - - - -
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Figure I. G/obplot revealing an -100 residue non-globular insertion (residues /20-220) in a globular protein through the graph segment

with a positive slope.

Figure 2. A tree calculated from a set of 8 homologous genes that arose from a single ancestor by, first, tandem duplication giving
adjacent gene pairs. then block quadruplication. Although adjacent pairs of genes must have shared evolutionary histories, the subtrees
are not congruent, suggesting that the sequences lack information to recover the true gene phylogeny.
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ical procedure that combines a running score with a peak
detection algorithm to segment proteins according to globular/nonglobular propensities. Positive slopes indicate nonglobular regions and negative slopes indicate globular
regions. In Figure I, GlobPlot reveals a -100 amino acid nonglobular insertion inside a known globular domain (as identified by the Bork group SMART server).

Sequence and genome analyses

light on this model but are somewhat hampered by the
imperfect data and are currently refining our strategies.
Figure 2 shows an interesting family of proteins pulled out by
Aidan Budd where trees are noncongruent despite shared
evolutionary histories: we wonder if there may be general
problems applying trees to the vertebate gene amplification.

The ELM Resource - a new database of protein
motifs

Over the last few years a model has been put forward
whereby the vertebrate common ancestor underwent
genome quadruplication, giving rise to paralogous genetic
loci such as the 4 homeodomain gene clusters. This ancient
octaploidy underlies an extensive genetic redundancy in vertebrates, as revealed by mouse gene knockouts. However,
there has been no adequate explanation for the 500 Million
year persistence of redundant genetic loci: simple models
predict rapid loss of redundant genes due to the accumulation of deleterious point mutations. Earlier, together with
Jurg Spring (Basel), we pOinted out that in multidomain proteins many deleterious point mutations have dominant-negative phenotypes, so that genetic redundancy cannot decay in
the simple manner. The available data indicate that classically
recessive genes (e.g. encoding metabolic enzymes) have
decayed to single copy, whereas other classes of gene
(notably those encoding complex multidomain proteins)
have up to four copies. The octaploidy model has been criticised recently, since tree topologies for multigene families
are often incompatible with the proposed octaploidy. We
hope to use the human genome sequence to shed further

One area of bioinformatics where good tools are lacking
concerns short functional protein motifs that are common in
multidomain proteins. These are awkward to deal with as
they are not statistically significant and badly overpredict, so
that matches to the patterns are not very meaningful. To
address this lack, I have co-ordinated an EU grant which
started in March, 200 I. Together with our collaborators in
Bergen, Dundee, Rome (and soon Poznan) and the company
CellZome, we are developing the Eukaryotic Linear Motif
Resource, ELM. A major part of the work is to develop the
ELM database which will store sequence patterns for motifs
as well as information about their occurrence, distribution,
publications, etc. The second major part of the work is to
develop filtering software to minimise the overprediction
problem. Obvious filtering approaches include cell context,
structure clashes and domain/motif associations. This year
we have completed the first full version of the underlying
relational database, annotated >50 motifs, and rolled out a
basic version of the ELM server with cellular context and
globular domain filtering. Next year will see the further
deployment and gradual improvement of the publicly available ELM server with taxonomic and structural filters being
added. At EMBL, Sophie Chabanis-Davidson, Christine
Gemund and Rune Linding (plus Francesca Diella liasing
closely from Cellzome) are mainly working on ELM.

Publications during the year
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Vertebrate polyploidy and genetic redundancy
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Structural investigations in microtubule - motor
protein interactions by cryo-electron microscopy
Group leader:
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Technicians:
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Angelika Krebs, Thomas Wendt
Valeria de Marco, Cagla Eroglu, Dilem Hizlan, Georgios Skiniotis,
Kenneth Goldie, Rachel Santarella, Sigrun Brendel
Nicolas Bischler, Andrei Efimov, Stavros j. Hamodrakas, Vassiliki Iconomidou, Christina Pancevac,
Guenther Resch,jochen Rieck, Dennis Thomas, Mathias Utz
*Indicates part of the year only

Our lab is specialized on cryo-electron microscopy (cryoEM) and digital 3-D image reconstruction of macromolecular complexes. The main focus of our work is on the structural and functional aspects of kinesin and "kinesin-like"
molecular motors and their interactions with microtubules
(for a review see Mandelkow and Hoenger, 1999). In addition
to that we are collaborating on other topics with various
groups (see table), mostly providing assistance in cryo-EM
and related techniques.
Our primary goal is to generate structural 3-D data of large
macromolecular assemblies, which would be too large and
flexible for crystallographic investigations. To this end we are
trading some resolution in return for reconstructions
reflecting physiologically relevant conformations. However,
this not a big problem since there are ways to overcome the
resolution problem. 3-D data of large assemblies at intermediate resolution constitute scaffolds, which allow combining
the various individual elements, solved to near atomic resolution by other methods to investigate the protein-protein
interactions in large complexes at atomic detail. This way we
obtain a complete picture of a supramolecular assembly at
close to atomic detail (Hoenger et 0/., 1998; Hoenger et 0/.,
2000a; Song et 0/., 200 I; see also Figure 3). In addition to
cryo-EM related 3-D reconstructions we are also generating
3-D information by investigating the surface structures of
microtubules decorated with motors and other MAPs. This
method reveals very interesting 3-D surface information
(e.g. see Figures I, 3 and 6) using surface metal-shadowing.
This technique complements nicely the true 3-D volumes
obtained with cryo-EM.
By using the techniques described above weare studying the
interaction of the kinesin motor domain with the
lin dimer in a microtubule (Hoenger et 01., 1998; 2000a).
Based on a comparative study into the conformational states
of kinesin binding patterns we proposed a working model of
the kinesin stepping mechanism (Hoenger et 0/., 2000a;). Our
further investigation in the whereabouts of the neck-linker
region during this process allowed us to refine this model
substantially and confirm most of the suggested steps.To this
end we inserted a SH3 domain into the transition between
linker and neck of kinesin (Skiniotis et 0/. submitted). Most of
that data correlates nicely with most recent findings on the
neck-linker domain of monomeric kinesins (Rice et 0/., 1999,
for a review see: Endow, 1999). This year we have intensified

our work on dimeric ned, a retrograde, non-processive
motor of the kinesin family. Thereby we could demonstrate
that this motor exhibits a strikingly different walking mechanism than kinesin (Wendt et 0/. 2002). Our newest research
direction now also focuses on the regulation of kinesin
motors by MAPS such as human TAU-40 (manuscript in
preparation), MAP2C and TPX2 (in collaboration with Mattaj
andVernos groups, submitted to EMBO J.).To this end we are
using electron microscopy and digital image analysis (3-D
reconstructions) in combination with molecular docking and
modeling.
The lab of Eckhard Mandelkow at the MPG-DESY Hamburg
is continuously our strongest collaborator in kinesin related
topics and the communication between our labs has always
been very productive and stimulating. We are investigating
the surface topography of tubulin walls complexes with
motors or MAPs in collaboration with Dr. Heinz Gross from
the ETH-Zurich (see also Hoenger et 0/., 2000b). Another
more recent collaboration regarding kinesin function was
established with Susan Gilbert from the Univ. of Pittsburgh.
Her mutant kinesin domains allowed us to further confirm
our predictions made for the interaction of motors and
tubulin. Finally we are collaborating with Isabelle Vernos
(EMBL-Heidelberg) to study the structural and functional
properties of the hetero-trimeric Xenopus Kinesin II
(Xlklp3A/B). Here we discovered that hetero-dimerization
mechanisms within the kinesin families are strikingly different from that of homodimeric processes (De Marco et 0/.,
200 I). Unlike for conventional kinesins the neck alone is not
sufficient to promote dimerization, instead the entire stalk is
needed. Also in collaboration with Isabelle Vernos and lain
Mattaj we investigate the structure of microtubules complexed with TPX2, a protein involved in spindle assembly (see
Figure 6).
On other topics we have collaborations with Luis Serrano
(EMBL) and Starvos Hamodrakas (both cryo-EM on Amyloid
fibrils; see Figure 7), John Victor Small (Austrian Academy of
Science, Salzburg) where we investigate the 3-D structure of
actin networks in intact cells, and since very recently we
started a collaboration with Harald Herrmann (ZMBH, Univ.
of Heidelberg) on an approach to investigate the structure
ofVim entin filaments by cryo-EM and soon with EM-tomography.ln most cases we are providing assistance in cryo-electron microscopy and 3-D image analysis.
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Figure I. Correlative aspects of
light- and electron microscopy
with high-resolution data. This figure also illustrates the main EM
techniques applied in our lab.
Background: cryo-EM image of
microtubules. Insets from left to
right: fluorescence LM (mitotic
spindle), surface shadowing
(tubulin sheet), helical 3-D reconstruction of a motor-microtubule
complex, molecular docking of xray data.

Conformational changes induced In
tubulin upon motor binding
(Angelika Krebs and Ken Goldie)

During my earlier work as a postdoc in Ron Milligan's lab at
the Scripps Res. Inst. we reported on conformational
changes observed in the tubulin portion of motor-microtubule complexes (Hoenger et al., 1995). However, this work
has been carried out in negative stain conditions and the
main focus of that work was on the entire complex. Here we
have now investigated this issue in more detail and under
cryo-EM conditions which are much more reliable regarding
true functional states of protein complexes. We found that
major changes occur upon motor binding in particular into
the a-tubulin subunit. These changes strengthen the axial
protofilament contacts (see Figures 2 and 3) upon motor
decoration, an effect which is clearly observable in cryopreparation of undecorated vs. decorated microtubules and
isolated protofilaments.

Structural studies into the necklinker region of dimeric kinesin

(Georgios Skiniotis, with E. Mandelkow, HH and M.H.
.Gross, Zurich, CH)
Despite large efforts the walking mechanism of conventional kinesin is still not resolved in detail. To further investigate
into this question we designed mutant kinesin constructs,
which exhibit an SH3 domain functioning as a marker at the
neck-linker region. We applied these studies to monomeric
as well as dimeric kinesin head domains. The advantage of
this kind of clonable labels is the fact that it is steadily present in each molecule, that it does not show strong interference with the function of the motor, and that the close proximity of N- and C-terminus do not alter the 3-D configuration of the kinesin neck region too much. The SH3 marker is
visible in cryo-electron microscopy 3-D image reconstruc-

of the MT-kinesin complex.
In higher contour levels (red) the central mass of the protofilaments appears regular and intra- and inter-dimer contacts
appear similarly strong. (B) Image reconstructions of native MTs
show a clear distinction between neighboring tubulin heterodimers in the high-density core (red) and the core of the _subunit appears weaker (white circle) compared with the MTkinesin complex. (C) A statistically significant increase of density
(yellow) is detected within the a-tubulin subunit upon motor binding. The location of the difference peak corresponds nicely to the
observed density variations illustrated in A and B, and is the origin for stronger inter-dimer contacts observed in the MT-kinesin
complex. Less density (purple) is detected at the outer rim of the
subunit.
Figure 2. (A) Image reconstructions
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Figure 3. Cryo-EM directly illustrates the increase in axial protofilament stability in the presences of
motors (A, C). Plain MTs disassemble in small oligomers (B, surface
shadowing technique) but do not
form the elongated protofilament
bundles as observed in D and E.
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of monomeric and dimeric kinesin constructs with a clonable SH3-density marker in the neck-linker region of the kinesin motor. (A) Graphical representations of the kinesin constructs used for cryo electron microscopy
analysis. The red arrow indicates the position after which an SH3 domain was inserted. The top three constructs are monomeric while
the bottom three dimeric. (B) TIRF images of microtubules gliding on glass surface covered with Antibodies. The brighter spots are
rescent tubulin seeds which where used as nucleation points for tubulin polymerisation. Panels C to Fshow Electron micrographs of unidirectionally shadowed tubulin walls complexed with rKS379 motor constructs in the presence of AMP-PNP. Panel C shows the surface
of a partially decorated microtubule leaving open areas on the microtubule outer surface. Note the different appearance of the inner
surface, which remains entirely undecorated. A structural model of the neck-linker configuration under double-binding conditions is shown
in the inset (bottom left).
Figure 4. Design and structural and functional analysis
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tions and allows determining the position of the kinesin
neck-linker during a walking cycle (see Figure 4). Statistical
difference mapping was applied to identify structural changes
within the motor domain and within the interaction of
motor with the microtubule surface. We could clearly identify the position of the SH3 domain in the presence of AMPand found it to be dislocated in the absence of
nucleotide and the binding of kinesin heads to microtubules
is destabilized as well.The conformation of dimers resembles
a mix between AMP-PNP state (trailing head) and nonucleotide state (leading head).

protofilament. In addition, Ncd binding to MTs underlies a
cooperative mechanism and may form zipper-like structures
between adjacent microtubules. Molecular docking indicates
that a significant relocation of the N-terminal neck-linker
region occurs duringATP hydrolysis, which may constitute a
key element (power stroke) for force transduction in minusend direction (see Figure 5). To further strengthen the evidence we engineered the same c10nable density marker as
used in Georgios Skiniotis work to the end of the coiled-coil
stalk which ended here after the minimal length required to
form a stable dimer. The position of this marker was clearly
visible under nucleotide depleted conditions, but was invisible in the presence of
clearly indicating added flexibility due to conformational changes upon nucleotide binding.

Structural studies on dimeric ncd
motor molecules

(Thomas Wendt and Kenny Goldie in collaboration
with E. Mandelkow, HH)

Heterodimerization properties of
Xklp3A/B

This work has now been published in EMBO J. (Wendt et al.,
2002). Ncd exhibits strikingly different nucleotide-dependent
3-D conformations and MT binding patterns from those of
conventional kinesin.ln the presence of
Ncd binds
tubulin with only one of its heads, leaving the second head in
a well-defined position protruding away from the MT surface. In the absence of nucleotide the position of the second
head tends to reach over to a binding site on the adjacent

(Valeria De Marco with Isabelle Vernos)

The main portion of this work has already been published in
200 I (De Marco et al. 200 I). Here we have now further
investigated the properties and the structure of this portion
of the Xklp3A/B stalk, which is required for a successful
dimerization. To this end crystallization trials and other
structural investigations are being explored.
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Figure 5. Working model for the generation of a minus-end directed power stroke by ncd based on our cryo-EM data combined with
the X-ray structure of Sablin et al. (1998). (A) In solution, the ncd dimer has ADP bound and displays low affinity for tubulin. The neckcore interactions (see Figure 4) are intact and form a stable complex. To successfully bind to microtubules the head domain has to be
directed into a position ahead of the cargo in minus-end direction. To achieve a binding position the yellow arrow (tubulin surface) and
red arrow (motor domain) need to assume a parallel position. (B) Once in contact with the MT surface, head I (yellow) releases ADP
and thereby increasing its binding affinity. Head 2 (red) maintains an ADP-bound state and does not make contact with the microtubule
surface. (C) Head I binds ATp, which triggers a 90-degree rotation of head 2 including the entire coiled-coil neck around a radial axis
going through the C-terminal end of the neck. Thereby the neck-core interactions between head I and its helix _0 are released. (D)
Once ATP is hydrolyzed, the ncd dimer could release from the MT surface and the dimer reforms the stable complex between neck and
both cores.
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Figure 6. (A) Decoration of
microtubu/es by a construct of
human-TAU 40 and GFP. The
globular GFP molecule allows
to better localizing TAU on the
outer surface of microtubu/es
as little blobs. (B) Inner surfaces do not show any decoration and reveal the 4nm a-f3a-f3 pattern. TAU and kinesin
co-decorate the outer surfaces
of microtubu/es without competing for the same binding
site.

Microtubule binding properties of
TAU protein and TPX2

(Rachel Santarella with E. Mandelkow, MPG, HH:TAU,
MAP2e, Isabelle Vernos and Oliver Gruss, Mattaj lab,
EMBL:TPX2)
MAPs such as TAU or MAP2C are filamentous proteins,
which regulate the dynamics of microtubules and the traffic
along microtubules carried out by kinesins and dyneins.
Unlike the kinesin head domains MAPs do not show a globular domain and microtubule decoration by TAU shows a
strikingly different decoration pattern from kinesin motor
domains. So far surface specific imaging has been the best
method to observe TAU decoration of microtubules.We are
currently in the process of investigating the binding properties of kinesin motor domains in the presence of TAU. Our
results suggest that kinesin heads still bind to TAU decorated microtubules and do not compete for the same binding
site (see Figure 6b). Using a TAU-GFP construct we could
localise TAU on the outer surface of microtubules while
inner surfaces remain free (see Figure 6a).
Somewhat similar to TAU TPX2 is a filamentous protein,
which interacts with the outer surface of microtubules, as
tested with unidirectional metal shadowing. However, unlike
TAU, TPX2 shows much less of a stabilization effect. In addition co-polymerization ofTPX2 and Tubulin results in higherorder structures, which resembles mitotic spindles and
asters. Currently we are investigating the TPX2 localization
in these assemblies and we will use these structures for
tomographic 3-D reconstructions (see Figure 7).

Figure 7. (ryo-e/ectron microscopy of microtubu/e-TPX2 complexes. Microtubu/es co-polymerized in the presence of TPX2

reveals spindle-like (A) and aster-like (B) formations. Immuno-gold
localization reveals that TXP2 binds to the entire surface of
microtubu/es but induces aggregations ofmass (see also D) which
appear to be the origins of spindle or aster-like assemblies.
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Figure 8. Cryo-EM and

surface-metal shadowing of
Amyloid fibers of different
thickness. Cryo-EM (A)
reveals the typical 4./ nmlayers in stacks of fibers. (B)
Fibers itself reveal a variable thickness in discrete
steps of 2nm as shown with
surface shadowing.
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The regulatory protein complex in Lethocerus and
Drosophila flight muscle
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Nagore Astola*, Petra Hddg*, Baozhen Song
Belinda Bullard, Goetz Hofhaus, Shlomo Trachtenberg, Laura Sutherland
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The rapid oscillatory contraction of insect flight muscle is a
consequence of delayed activation of the muscle by stretch.
A key property of the flight muscle is that, unlike other muscles, it is not fully activated by calcium. Full activation only
occurs when the muscle is rapidly stretched. This year, we
have made an important step forward in understanding the
mechanism of insect flight. It is now clear that insect flight
muscle contains two isoforms of troponin-C, which have different regulatory functions. We have identified and
sequenced the proteins in Lethocerus and have identified
related T nC sequences in the Drosophila and Anopheles
genomes. TnC is the calcium regulated "switch" which activates the muscle during contraction. We have measured the
calcium binding of the insect TnCs by a number of methods,
including mass spectrometry (EMBL Proteomics Core
Facility).
The major isoform which makes up about 90% ofTnC in the
regulatory complex of the flight muscle has only one calcium
binding site and is not calcium sensitive. The other, minor
form, which comes from a different gene, contains two calcium binding sites and regulates muscle activity via calcium in
the normal way (Figure I). Stretch and tension measure-

ments on isolated muscle fibres from Lethocerus from which
the endogenous TnC was removed and replaced by each of
the expressed isoforms in turn, confirms that this is the case
(work done in collaboration with W Linke, Heidelberg).

High molecular weight structural
proteins and muscle elasticity
All striated muscles have large modular proteins (like titin in
vertebrates) which contribute to the elastic properties of
the muscle.The insect thorax contains muscles that vary
widely in function, and the ultrastructure of the sarcomere is
correspondingly varied. The elastic properties required of
the different muscle fibres will determine which titin-like
proteins are present.The Drosophila SLS gene is predicted to
code for a protein similar to the N-terminal region of vertebrate titin.The maximum size for a peptide from the
Drosophila gene is 1.8 MDa,which is not large enough for the
protein to extend from Z-disc to M-line like vertebrate titin.
Kettin, the shortest isoform (500 kDa), is responsible for the
unusually high stiffness of insect flight muscle. It is now clear
that related proteins exist in other invertebrates (Figure 2).

Figure I. Vertebrate (rabbit) TnC on the left has four calcium ions bound per molecule. The grey calciums are strongly bound and do
not exchange in vivo. The red calciums are less strongly bound and their presence or absence regulates the activity of the muscle. The
insect flight muscle has two types ofTnCo Both have only one strongly bound calcium (grey). The minor isoform has one exchangeable
calcium (red) which can take part in normal activation. The major isoform has no exchangable calciums and would normally be inactive.
This TnC is now thought to be the key to stretch activation.
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Kettin -D. melanogaster
SLS protein (D-titin) - D. melanogaster
PEVK2

SLS protein - B. mori

Figure 2. Examples of proteins of the SLS family. We have sequenced the most abundant isoform in Drosophila ffight muscle.which we
have called kettin. Kettin is made up of 35 Ig domains (red blocks) separated by 35 aa linkers and binds to actin in the Z disk and 1band. Other, larger isoforms of the SLS proteins are present in the extensible non-ffight muscles of the insects but do not appear from
immunolabelling studies to extend further than from the Z-disk to the edge of the A-band. Only partial sequences are available for the
silk moth (B. mori). Key: red-Ig domains, green- Fn domains, yellow-PEVK sequence, brown - SH3 domains, blue - undefined sequences

Figure 3. A) 3-D reconstruction of

Complex I made by the conical tilt method,
from images of single particles solubilised
in detergent and stained negatively with
uranyl acetate. The horizontal arm is the
membrane domain and includes detergent.
The vertical arm is the cytoplasmic
domain. B) 3-D reconstruction made by the
multi-reference alignment method for single particles stabilised (in the absence of
detergent) by amphipol AB-35. In this case,
samples were unstained and imaged
frozen-hydrated. Both reconstructions were
filtered to a cut-off of 3nm and at this resolution show comparable features.

Amphipol stabilisation of membrane
proteins
In collaboration with Jean-Luc Popot and Christophe Tribet
(Paris) and Hanns Weiss, (Dusseldorf), we have been investigating the stability of the multi-subunit membrane protein
complex NADH reductase (Complex I ) in the presence of
amphipols with the goal of improving the structural information obtained by electron microscopy. The use of detergent
for solubilising membrane proteins makes cryo-electron
microscopy or lipid-monolayer crystallisation methods difficult or impossible owing to the excess of free detergent
which lowers the surface tension. Amphipols are high
molecular weight amphipholic polymers which bind tightly to
the hydrophobic surfaces of the protein. Excess amphipol
and detergent can then be removed resulting in solubilised
protein without the problems caused by detergent.

Ware using Complex I from Neurospora crassa mitochondria
as a test object for this study. It is a very large integral membrane protein with a characteristic L-shape. One arm of the
L is the hydrophobic membrane spanning domain which
binds detergent and the other arm is the more hydrophilic
cytoplasmic domain. The enzyme is first isolated from
Neurospora crassa mitochondria and purified in either the
detergent Triton X-I 00 or in dodecyl maltoside. The detergent is then exchanged with amphipol. We have concentrated our efforts on the effects of charged amphipol (A8-35)
and neutral amphipol (A34-0) on the stability of Complex I.
We have now made a preliminary cryo-EM 3-D reconstruction of CI with amphipol A8-35 which shows essentially the
same structure as that previously obtained with negative
stain (Figure 3).
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Masino, L., Kelly, G., Leonard, K., Trottier, Y. & Pastore, A.
(2002). Solution structure of polyglutamine tracts in GSTpolyglutamine fusion proteins. FEBS Lett., 513, 267-272
Pyatibratov, M.G., Leonard, K., Tarasov, Y.Y. & Fedorov, D.Y.
(2002). Two immunologically distinct types of protofilaments
can be identified in Natrialba magadii flagella. FEMS
Microbiol. Lett., 212, 23-27
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We use protein three-dimensional (3 D) structures and
sequences to understand and predict aspects of molecular
function and evolution. Research during the 2002 was primarily focused on protein-protein interactions and complexes, protein-ligand specificity, and predicting function from
structure.

The third dimension for interactions
and complexes
Protein interaction networks are central to any understanding of cellular processes, and interactions are all over the literature. To date, however; there has been limited attention
paid to one of the best sources of interaction data: complexes of protein 3D structure.
A major focus in 2002 was the analysis of the intersection
between interactions of known structure and those identified by other techniques, such as the two-hybrid system or
affinity purifications (Aloy and Russell, 2002a). The intersection revealed important differences between the techniques.
For example, whereas the two-hybrid system showed a preference for transient interactions (e.g. kinase/cyclins,
ras/RhoGAP), affinity purifications tended to identify nontransient complexes (e.g. RNA polymerase, the exosome).
Interaction discovery methods also showed evidence of an
uncertainty principle at work: attaching molecular labels necessary to use a technique can disrupt the phenomenon studied. Certain interactions known from 3D structures are not
seen in large two-hybrid screens (e.g. Uetz et al., 2000), and
affinity purifications (e.g. Gavin et al.., 2002) often contain
"sticky" proteins that are often components of the protein
synthesis, refolding or degradation machinery (Figure Ia).
The intersection also showed clear examples where proteins that interact according to the two-hybrid system are
most likely doing so via an intermediate, suggesting that one
must exercise caution when presuming that such interactions imply a direct physical contact between proteins. We
have also found that systematic errors in the two-hybrid system (namely self-activating baits) can lead to problems when
using the data to construct protein networks (Aloy and
Russell, 2002b).
Studying the intersection between 3D complexes and interactions discovered by other methods usually involves comparing homologous, but not identical proteins. This raises an
obvious question: do homologous proteins necessarily interact in the same way? Inspection of the literature showed

several instances where homologous proteins had different
interaction partners, and well-studied interacting families
(e.g. FG F and receptors) typically showed difference specificities. We thus developed a method to predict whether
proteins homologous. to components within complexes of
known 3D structures would interact in the same way
(InterPreTS: INTeraction PREdiction by Tertiary Structures;
Aloy and Russell, 2002c). Given a 3D complex and alignments of homologues of the interacting proteins, we assess
the fit of any possible interacting pair on the complex via
empirical pair potentials. Tests using well studied systems
with known complex structures show that the method is
often successful at predicting correct protein-interaction
specificities, such as those in the FGF/receptor system
(Figure 2).

a

b

Possible explanation for proteins seen in many affinity
purifications. Hypothetical scenario. In a) one of the complex
components is misfolded due to interference from the tag and is
bound to a protease and a chaperonin. In b) a component is still
attached to the ribosome and also bound to a chaperonin.
Figure I.
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Figure 2. Example of InterPRe TS applied to the FGFlreceptor system. Alignment and structure figures showing the FGF (top)lreceptor
(bottom) interaction. Residues are coloured according to property conservation: hydrophobic, yellow background; small, blue background;
polar, red characters. Residues participating in side-chain to main-chain contacts are boxed. Contacts between side-chains are listed.
Residues in the known structure participating in side-chain to side-chain contacts are shown. The sequences at the top are four FGF
homologous factors (FHFs) known not to interact with receptors. The arrows show the positions that our method identifies to be responsible for this loss of binding.

Complex structural genomics

some contained six separate proteins, the PNPase contained
two domains in the same polypeptide that formed a trimer.
This created a puzzle: which of the 120 possible arrangements would be the correct one for the exosome? Using a
variety of computational methods, including InterPreTS
(above), we suggested a single model for the exosome
(Figure 3). The parallel EM study showed the exosome to
resemble PNPase but with key differences that we suspect
are related to the position of RNA binding domains, and to
the location of domains unique to the exosome (Figure 3).

The study above highlighted examples where whole or part
of a complex identified by non-structure based methods (e.g.
two-hybrid or affinity purification screens) could be modelled using complex structures already known. At the same
time, initial screens from the Bottcher and Leonard groups
showed that some yeast samples from the TAP method, as
performed by Cellzome, were sufficient to generate low-resolution EM images. These two findings suggested a strategy
to provide structural information for many complexes via a
hybrid EM/Bioinformatics strategy. We thus started a large
collaborative project to do this, beginning with a pilot study
on the exosome (Aloy et aI., 2002a).

Predicting function from structure
The current pace of structural biology now means that protein 3D structure can be known before function. This makes
methods for assigning homology via structure comparison of
growing importance. Previous research suggested that
sequence similarity seen after structure-based alignment is
one of the best discriminators of homology and often functional similarity.We exploited this, together with a merger of
protein structure and sequence databases, to predict distant
homologous relationships. We found several new potential
homologous relationships (and often functional similarities)
between proteins not previously thought to be evolutionar-

The exosome is a 3'->5' exonuclease complex involved in
RNA processing and degradation (e.g. Mitchell and Tollervey,
2000). The yeast exosome core comprises 10-1 I proteins,
which contain domains homologous to ribonucleases and to
RNA binding domains. We identified a remote similarity
between these proteins and the degradosome component
PNPase. Although PNPase contains similar domains to the
exosome, the stochiometry was different, particularly with
respect to the core ribonuclease domains.Whereas the exo158
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of the exosome to PNPase.
Overlay of PNPase (solid) onto the electron microscopy
image of the exosome (mesh), with the predicted location of subunits labelled (adapted from Science, 297,
Figure 3. Comparison

899,2002).

ily or functionally related (Aloy et 01., 2002b). We have since
applied this approach to similarities between the HprK
structure (Scheffzek group) and other P-Ioop containing
nucleotidyl transferases (Russell et 01., 2002; Marquez et 01.,
2002). We are currently using this merger of sequence alignments via structure to search for distant relatives among
sequences lacking representatives of known structures (in
collaboration with the Bork group).
We have also developed and improved methods for comparison of protein 3D active sites and surfaces with the ultimate aim of making predictions of protein function for structures produced by Structural Genomics initiatives. We have
recently improved an earlier method for small clusters of
atoms (Russell, 1998) with the important addition of rigorous statistics for measuring the significance of RMSD (Stark
et 01., 2003). Together with a database of functional sites, this
method permits fast, automated comparison of any new
structure to the database to get hints about a possible function.

CASP5: How well can the world
predict protein structures?
This year we were assessors for the fifth experiment for the
Critical Assessment of Structure Prediction (CASPS), in the
new fold category, where structures could not be inferred by
sequence similarity or fold recognition. Generally we found

the quality of the best predictions to be astonishing: for
nearly every target at least one group predicted a structure
close to the correct one. The group of David Baker (e.g.
Bonneau et 01., 200 I) once again proved to be outstanding,
though high-quality and consistency were also seen from
others, suggesting that the community is moving towards a
general procedure to predict accurate structures for proteins showing no resemblance to anything seen before (Aloy
et 01., 2003).

Collaborations
We collaborate with many groups in EMBL on a number of
projects requiring our expertise. Within the Structural &
Computational Biology in the past year we have been extensively involved with the Scheffzek & Bottcher groups as discussed above, and also with the Bork group on a number of
projects (e.g. Ciccarrelli et 01., 2002).We have also had a productive collaboration with the Gannon Group on modelling
the structure of the Estrogen receptor. We used a combination of homology modelling and structure comparison to
suggest site-directed mutagenesis experiments. Thus far the
project has led to a new model of estrogen receptor activation (Metivier et 01., 2002). Finally, we have active collaborations with numerous other groups outside EMBL on a number of subjects (e.g. Koretke et 01., 2002; Ponting and Russell,
2002;Torrents et 01., 2002).
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We use NMR spectroscopy to study the structures and
functions of proteins and their molecular interactions in
solution. During the course of the year, the NMR spectrometers at the EMBL have been equipped with cryogenic
probes which provide a 2-3 fold increase in sensitivity. This
allows us to significantly reduce measurement times and/or
to work with NMR samples at lower concentrations. The
research in the group focuses on three areas: structure/function of globular protein domains, molecular recognition during pre-mRNA processing, and the development of NMR
methods for these studies.

implications and may provide a starting point for the development of multiple-site lead compounds targeted to modular SH3 domains that are central to many signalling pathways
in cell proliferation and differentiation.

Expanding the SAND domain family
(Matthew Bottomley)
The SAND domain is a conserved sequence motif found in
a number of nuclear proteins, including the Sp I 00 proteins,
the Glucocorticoid Modulatory Element Binding (GMEB)
proteins and NUDR (Gibson et al., I 998).We have previously determined the three-dimensional structure of the SAND
domain and shown that it defines a novel DNA binding fold
(Bottomley et al., 200 I). For NUDR we found, that the DNA
binding activity of wild type and mutant proteins in vitro correlates with transcriptional regulation activity of the full
length NUDR protein in vivo.

Protein domains
Dual ligand binding SH3 domain
(Fabian FiJipp)

s.

cerevisiae Pex 13p is a membrane-bound central scaffold
protein of the PTS I-signal driven protein import into peroxisomes. While the function of most small signalling domains
is confined to binary ligand interactions, the SH3 domain of
the peroxisomal protein Pex 13p is unique in that it binds to
two different ligands, PexSp and Pex 14p. We have used this
domain as a model to decipher its structurally-independent
ligand binding sites (Douangamath et aI., 2002). By the combined use of X-ray crystallography (with the Wilmanns
group, EMBL Hamburg) and NMR spectroscopy, we could
show that PexSp binds in an a-helical conformation to a
novel site on the Pex 13p SH3 domain. This site is structurally separated from the classical Pex 14p binding site which
involves recognition of a canconical PXXP motif in Pex 14p.
Mutations in the PexSp and Pex 14p binding sites of the
Pex 13p SH3 domain show how binding of the two different
ligands contributes to peroxisomal matrix protein targeting.
Mutations in the Pex 13p SH3 domain that abolish interactions within the Pex 13p-PexSp interface specifically impair
PTS I-dependent protein import into yeast peroxisomes.

We are now interested in characterizing the structure and
function of other SAND domains. GMEB I and GMEB2 are
ubiquitous, multifunctional DNA-binding proteins with
important functional roles in the modulation of transcription
upon steroid hormone activation. They are also mandatory
host proteins for Parvovirus replication. Paola Lo Surdo in the
Scheffzek group at EMBL has determined the crystal structure of the glucocorticoid modulatory element binding protein I (GMEB I) SAND domain (Lo Surdo et al., 2003). We
found that the GMEB I SAND domain is necessary and sufficient to bind the glucocorticoid modulatory element
(GME) DNA target. Using NMR and binding studies the
DNA recognition surface was mapped to an a-helical region
exposing the KDWK motif which is characteristic of SAND
domains. In contrast to our previously determined NMR
structure of the SAND domain from Sp I OOb, we found that
a C-terminal extension of the GMEB I SAND domain contains a zinc-binding motif.While the zinc ion is not necessary
for DNA binding, it determines the C-terminal conformation
of the GMEB I SAND domain.

The Pex 13p SH3 domain may serve as a model to reveal the
potential of SH3 domains to be involved in multiple, unrelated interactions with ligands. This concept of multiple and
independent ligand binding introduces a key element for the
differential and regulated involvement of these domains in
biological processes. Our findings also have pharmaceutical

Structure and function

of the

pleckstrin protein

(Gunter Stier, Bernd Simon, Christian Edlich,
Alexander Gasch, Maria Macias, Claudia Muhle)
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The 43 kDa protein pleckstrin was first described as a major
substrate of protein kinase C (PKC) in platelets and leukocytes. It is comprised of N- and C-terminal PH domains and
a central DEP domain (Ponting and Bork, 1996). Pleckstrin
affects Ptdlns(4,S)P2 based signalling mediated by phospholipase C (PLC), phosphatidylinositol 3-kinase (PI 3 K) and inositol phosphatases. It is localized at the cell membrane and is
able to induce cytoskeletal changes upon platelet activation.
These functions of pleckstrin are mediated by the N-terminal PH domain and depend on phosphorylation by PKC at
three conserved Ser or Thr residues in the linker between
the N-terminal PH and the DEP domains. A triple glutamate
mutation can functionally mimic the phosphorylation of
pleckstrin. It is presumed that the function of pleckstrin is
regulated through structural changes that are induced by the
phosphorylation of the PH-DEP linker. The structure of the
N-terminal PH domain of pleckstrin is known, and we have
recently determined the three-dimensional structure and
dynamics of the central DEP domain. In collaboration with
the Scheffzek and Schultz groups we are now interested to
study the structure and domain orientation of the full-length

pleckstrin and to characterize the conformational changes
that are induced upon phosphorylation. In these studies we
use NMR to characterize the molecular interactions, and to
define the interdomain orientations by a combination of
residual dipolar couplings restraints and distance-dependent
relaxation induced by spin labels.

Molecular recognition during RNA
processing
Numerous protein/protein and protein/RNA interactions
are functionally important during the processing of premRNAs in multimeric and often dynamic protein/RNA
assemblies. We are interested to elucidate the structural
basis for such molecular recognition events during premRNA processing.
In eukaryotic cells, the intervening non-coding sequences
(introns) have to be removed from the mRNA precursors.
This process, called splicing, is initiated with the recognition
of intron defining sequences by the splicing machinery and
involves the formation of a multimeric protein/RNA com-

Selenko et 01., (2003)
Mol. Cell I I, 965

Liu, Luyten et al. (2001)

Science 294, 1098

Kielkopf et al. (2001)
Cell 106, 595
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Figure I. Structural view of the 3' splice site in mammalian pre-mRNA introns. The arrangement of Splicing Factor I (SF I) and the heterodimeric U2 auxiliary factor (U2AF) at the 3' splice site of an intron is shown at the bottom. U2AF comprises a large (65 kDa) and
a small (35 kDa) subunit. The interaction between SF I and the N-terminus of U2AF65 is regulated by phosphorylation of SF I Ser20 by
Protein Kinase G (PKG-I). Currently, three-dimensional structures of the molecular interfaces between SF I/RNA, SF I/U2AF65 and the
U2AF heterodimer interface are known.
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residues that coordinate the ligand tryptophan in the
U2AF65_RRM3/SF I and the U2AF35_RRM/U2AF65 interfaces.

plex which bridges the 5' and the 3' intron splice sites
(Abovich and Rosbash, I997;Wiesner et 01., 2002).Two splicing factors, SF I ("splicing factor I", also termed BBP for
"Branch point Binding Protein") and the heterodimeric U2AF
(U2 auxiliary factor) interact with each other and bind
cooperatively to pre-mRNA intron sequences near the 3'
splice site (Figure I). SF I recognizes the intron branch site
sequence, and also binds to the C-terminal RNA binding
domain of the large subunit of U2AE U2AF itself plays a critical role in the selection of the intron 3' splice site, which is
composed of a polypyrimidine tract and an AG dinucleotide.
U2AF is a heterodimer and consists of a large (65 kDa) and
a small (35 kDa) subunit in humans. We study these various
molecular interaction during pre-spliceosome assembly in
collaboration with Angelika Kramer (University of Geneva)
and Juan Valcarcel (Barcelona).

Conformational changes
point RNA binding

The U2AF heterodimer and its interaction with
the pre-mRNA
(Esther Kellenberger, Gunter Stier, Katia Zanier,
Alexander Gasch)
Both the large and small subunits of U2AF interact with the
pre-messenger RNA. Juan Valcarcel and coworkers have previously shown that a minimal U2AF heterodimer comprising
the non-canonical RRM of U2AF35 and U2AF65 is sufficient
to activate splicing of the mouse immunoglobulin M premRNA (Guth et 01., 200 I). This activity depends on the ability of the U2AF35 RRM to bind both U2AF65 and the premRNA. Recently, the crystal structure of a U2AF core heterodimer, comprising the U2AF35 RRM bound to the U2AF65
proline-rich region, was described showing the structural
basis for the formation of a minimal U2AF heterodimer
(Kielkopf et 01., 200 I). In an attempt to characterize the
U2AF heterodimer interaction in solution, we have cloned,
overexpressed and purified several complexes involving the
U2AF35 RRM and various regions of U2AF65 (Kellenberger et
al.,2002).We used NMR fingerprints (2D IH,15N correlation
spectra) to examine conformational changes that occur in
U2AF35 RRM upon U2AF65 binding. Our data show that the
recombinant U2AF35 RRM alone is largely unstructured in
solution, but adopts a tertiary structure upon binding to a
U2AF65. We are now characterizing the three-dimensional
structure of larger U2AF heterodimers and their interaction
with the 3' splice site.

of SF I upon branch

(Ana Messias)
We have previously determined the three-dimensional structure of the RNA binding region of SF I in complex with the
intron branch site RNA (Figure I; Liu et 01., 200 I). The structure indicates that STAR (signal transduction and activation
of RNA) family proteins like SF I, Sam68 and others comprise
a distinct KH fold which is enlarged by the addition of a
fourth a-helix. Our structure provides the first molecular
view of the sequence specific recognition of the splicing
branch site and suggests how SF I may support efficient
assembly of the pre-spliceosome complex A. We are now
characterizing conformational differences between the free
and RNA bound forms of SF I. Preliminary analysis based on
H-N residual dipolar couplings indicates that the orientation
of helix a4 changes significantly upon RNA binding.

SMN Tudor domain and its interaction with
spliceosomal Sm proteins
(Remco Sprangers, Philipp Selenko, Gunter Stier)
Spinal muscular atrophy (SMA) is a common motor neuron
disease that results from mutations in the Survival of Motor
Neuron (smn) gene. The 294-residue SMN protein is part of
a multimeric complex which includes the spliceosomal Sm
core proteins. The Tudor domain of SMN mediates the Sm
protein interaction and is required to assemble the uridinerich small nuclear ribonucleoprotein particles (U snRNPs),
which are essential components of the spliceosome.

Structural basis for the molecular recognition
between U2AF65 and SF I
(Philipp Selenko, Remco Sprangers, Gunter Stier)
SF I and U2AF cooperatively bind to the pre-mRNA 3' splice
site. While SF I recognizes the branch point sequence, U2AF
interacts with the poly-pyrimidine tract and the AG dinucleotide which defines the 3' splice site. An additional protein/protein interaction between the two splicing factors
involves the N-terminus of SF I and the C-terminal RRM
(RRM3) of U2AF65 (Figure I; Selenko et 01., 2003). Our threedimensional structure of U2AF65_RRM3 in complex with an
N-terminal SF I peptide reveals an extended negatively
charged helix A and an additional helix C, which shields the
potential RNA binding surface. SF I binds to the opposite,
helical face of RRM3. It inserts a conserved tryptophan into
a hydrophobic pocket between helices A and B in a way that
strikingly resembles part of the molecular interface in the
U2AF heterodimer. This molecular recognition establishes a
paradigm for protein binding by a novel subfamily of noncanonical RRMs that are found in a number of splicing factors or proteins involved in transcriptional regulation. The
family of non-canonical RRMs is characterized by an extended negatively charged helix A, and sequence conservation of

We previously described that the C-terminal arginine- and
glycine-rich tails of Sm proteins bind to a conserved region
of the SMN Tudor domain comprised of a cluster of conserved aromatic residues and a negatively charged surface
(Selenko et 01., 200 I). The C-terminal tails of Sm D I and Sm
D3 contain symmetrically dimethylated arginines (sDMA) in
vivo (Brahms et 01.,200 I), and this modification is required for
high affinity binding to the SMN protein (Friesen et 01.,200 I).
The arginine methylation is mediated by another multimeric
protein complex providing an opportunity to regulate the
SMN/Sm protein interaction and thus SMN-assisted U
snRNP assembly (Paushkin et 01., 2002). Using NMR titrations, we confirmed that it is the SMN Tudor domain which
mediates the sDMA interaction (Sprangers et 01., 2003).
We are currently investigating the structural basis for the
recognition of sDMA by the SMN Tudor domain using a
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combination of NMR and crystallography. To this end, we
have solved the crystal structure of the SMN Tudor domain
in collaboration with Matthew Groves and Irmi Sinning
(University Heidelberg). Rapid crystallization of the protein
and the high stability of the crystals was facilitated by a redefinition of the Tudor domain boundaries based on NMR
relaxation experiments and the previously determined solution structure (Sprangers et 01., 2003). In addition to determining the 1.8 A crystal structure we have refined our previous NMR structure against a large number of backbone
and sidechain residual dipolar couplings (Sprangers et 01.,
2003).The backbone conformation of both structures is very
similar, however, differences are observed for the cluster of
conserved aromatic sidechains in the sDMA binding pocket.
Aromatic ring residual dipolar couplings and ring current
shifts independently confirm that the SMN Tudor domain
adopts two different conformations in the sDMA binding
pocket. The observed structural variations may playa role in
the recognition of sDMAs.

Methods and theoretical studies
New NMR methods for structural analysis
(Bernd Simon, Remco Sprangers)
The use of residual dipolar couplings allows fast and efficient
characterization of domain orientations and dynamics of
multidomain proteins (Simon and Sattler, 2002).We are using
this and other novel NMR techniques (Sattler and Simon,
2002) in our structural studies of larger multidomain proteins.
For the detailed comparison of the crystal and solution
structures of the SMN Tudor domain, we have developed a
new method to derive structural information from residual
dipolar couplings measured for C-H bond vectors in aromatic rings. The method allows to define the aromatic ring
orientation even in the presence of aromatic ring flip
motions (Sprangers et 01., 2002).

Dynamic effects on J-couplings across hydrogen
bonds in proteins
(Phineus Markwick, Remco Sprangers)
Hydrogen bonds are of fundamental importance in stabilizing biomolecular structure and playa key role in nearly all
enzymatic reactions. Recently, it was discovered that scalar Jcouplings across hydrogen bonds exist and that they can be
easily measured experimentally. The magnitude of these Jcouplings is explicitly dependent on the local geometry of
the hydrogen bond, in particular, the H...O inter-nuclear separation, the C=O... H angle and the N-C=O... H dihedral angle
(Barfield, 2002). Despite the fact that the computed coupling
constants for the 1.1 A X-ray structure of protein G are in
reasonable agreement with the experimental data, the discrepancy between theory and experiment is considerably
larger than one would expect.
We have combined molecular dynamics simulation (MD)
with Density Functional Theory (DFT)/Finite Perturbation
Theory (FPT) to obtain the Fermi Contact contributions to
the 3hJNC' couplings in the SMN Tudor domain (Markwick et

01., 2003). Our results show that the effect of conformational dynamics of the peptide backbone needs to be considered
for the accurate prediction of these scalar couplings. For
hydrogen bonds in the p-sheet regions, the calculated cumulative J-coupling averages remain constant after first 200 ps.
In the more flexible regions at the edges of the p-sheets, the
cumulative J-coupling averages vary over the 500 ps trajectory which provides qualitative insight into the degree of
conformational motion in different regions of the protein.

Claudia Muhle-Goll (Visiting Group)

Mechanical characterization of constitutively and
differentially expressed Ig domains of titin's
extensible region
(Collaboration with Prof Siegfried Labeit,
UniversitCitsklinikum Mannheim and Prof Henk
Granzier, Washington State University)
Titin is a giant elastic protein that is responsible for passive
force generated by the striated-muscle sarcomere.This force
is derived from titin's extensible region which consists of a
PEVK segment in series with tandemly arranged
immunoglobulin(lg)-like domains. We studied unfolding of Ig
domains from the differentially spliced region (165-170) and
from the constitutive region (191-98), using an atomic force
microscope specialized for stretching of single molecules
(Watanabe et 01., 2002). Our findings indicate that the average mechanical stability of 165-70 domains is lower than that
of 191-98 domains. Monte Carlo simulations suggest that differences in both the unfolding distance (Xu) and the rate
constants of unfolding at zero force (KuO) underlie the different unfolding characteristics of the fragments. In an
attempt to rationalize these mechanical findings we compared the sequences of the 165-70 domains with those of
191-98 and analyzed how sequence differences may affect
domain stability. Our analysis suggests that the different
unfolding forces of the domains are unlikely to be caused by
variation in the number of hydrogen bonds between the
force-bearing p-strands at the N-and C-termini of the
domains. Rather, they may be due to differences in hydrophobic contacts and p-strand orientations. Ig domains covering
the entire constitutive region of titin (11-8,18-15,184-90 and
199-105) have been expressed and are currently investigated
in the AFM microscope to get a systematic overview over
the forces developed by titin's I-Band.

Sakacin P, a bacteriocin

of lactobacillus sake

(Collaboration with Marianne Uteng and Prof Jon
Nissen-Meyer, University of Oslo)
Ribosomally synthesized antimicrobial peptides are found in
a broad range of organisms, such as mammals, plants, insects,
birds and microorganisms, and are thought to play an important role in their primary defence systems against bacterial
infections. Using homonuclear NMR, we determined the
structure of Sakacin a bacteriocin produced by lactic acid
bacteria, and a mutant peptide with an artificially introduced
cysteine bridge at the C-terminus. Being unfolded in water,
the peptide adopts a folded structure when bound to DPe
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micelles or dissolved in 90% TFE. It consists of as-shaped Nterminus that is lacking regular secondary structural elements and a central a-helix onto which the C-terminus folds
back.The latter could only be shown by comparison with the
mutant peptide in which this conformation is stabilized by an
introduced cysteine bridge. Based on the structure we
develop a model how the peptide can insert in an oblique
fashion into the membrane.

Structure and function of PNp, a natriuretic
peptide isolated from the Iranian false horned
viper
(Mehriar Amininas, visitor from University of Teheran,
Iran. Collaboration with Niro Parekh and Nicole
Endlich, University of Heidelberg)
The 37-residue long PNP peptide was isolated from the
venom of the Iranian false horned viper. Multiple sequence
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Research in the group has focused on signaling systems
involving pathogenic bacterial and eukaryotic species. A
major interest of the group is in molecular medicine with
focus on the structure function analyses of the neurofibromatosis type I protein. Our method of choice has been Xray crystallography, involving a considerable amount of
molecular biology to obtain high quality protein samples that
would crystallize.

Neurofibromatosis type

protein

Neurofibromatosis type I (NF I) is a genetic disease with an
incidence of 1/3500 worldwide (Upadhyaya and Cooper,
1998). NF I patients have an increased risk to develop certain types of tumors and in more than 50% of the cases show
learning disabilities or mental retardation (Zhu and Parada,
200 I). The NF I gene codes for a huge protein of about 2800
amino acids, termed neurofibromin, and is responsible for
the pathogenesis of the disease. Neurofibromin is a Ras specific GTPase activating protein (RasGAP); and in some tumor
types lacking the protein, Ras is indeed upregulated. In previous studies the GTPase activating domain was characterized
and the mechanism of GTPase activation defined (Scheffzek
et 01., 1998). In fact, a patient mutation found at the most crucial functional residue was associated with a highly malignant
NF I phenotype, suggesting loss of neurofibromin mediated
down regulation of Ras as a major cause of NF I in these
patients (Klose et 01., 1998).
The RasGAP activity of neurofibromin resides in a segment,
which represents only 10% of the protein. Within ten years
of research after the discovery of the NF I gene no other
biochemical function of neurofibromin has been clearly
defined. We are following a structural approach to identify
functions of the remaining 90% of the protein. The idea is to
find neurofibromin segments that can be expressed as soluble proteins, determine the structures of such fragments, and
by comparison with known protein structures in databases
or by bound ligands obtain clues about their possible functions.
Our approach has already been successful with a number of
proteins and is becoming increasingly important in the functional analyses of genomic sequences coding for hypothetical
proteins of hitherto unknown functions. We have been successful in obtaining two novel soluble neurofibromin fragments out of a large number of insoluble constructs, which
we are currently characterizing in more detail. This fragment
is located immediately C-terminal of the GAP related

domain and has been reported homologous to Sec 14p a lipid
exchange protein in the yeast Golgi. As initial crystals grew
slowly and were of limited resolution we screened for other
crystal forms. Finally we found conditions where crystals
grew overnight and after improvement single crystals diffracting to a resolution of 2.1 A could be obtained.

Control of Rho proteins by bacterial
toxins
(Collaboration with WD. Hardt, Zurich, and A.
Wittinghofer, Dortmund)

The gram negative bacterial pathogen Salmonella typhimurium
is one of the leading causes of gastroenteritis in developed
countries. During cellular internalization the Salmonella proteins SopE and SptP are major toxins that act as Rho family
specific guanine nucleotide exchange factors (GEFs) and
GTPase activating proteins (GAPs), respectively. As a result
cytoskeletal rearrangements occur that are important in cellular uptake of the pathogen (Stebbins and Galan, 200 I). The
crystal structure analysis of the GEF-domain from SopE in
complex with Cdc42 at 2.3 A resolution identifies the
prokaryotic GEF as a 'V'-shaped protein consisting of two
three-helix bundles, structurally unrelated to the eukaryotic
RhoGEFs. Like the eukaryotic RhoGEF Tiam I, SopE targets
primarily the switch regions of the Rho target. To promote
nucleotide release, SopE disrupts interactions important for
nucleotide and Mg2+-binding. Together with the complex
model of the functional antagonist SptR the structure provides insight how nature has used different protein scaffolds
to implement apparently similar mechanisms for regulating
the same target protein (Buchwald et 01., 2002).

Bacterial protein kinases of the PTS
system

(Collaboration with W Hengstenberg, Bochum)

Bacteria, as well as eukaryotic organisms, use protein phosphorylation as a mean to relay information within the cell.
However, both groups seem to have developed very different mechanisms: while phosphorylation in eukaryotic cells
occurs mainly in serine, threonine or tyrosine residues, the
major phosphorylation activities in prokaryotes involve histidine kinases. The HPr protein kinase (HPrK) is a notable
exception, since it is a bacterial serine protein kinase.
Moreover, HPrK is a dual activity enzyme with both kinase
and phosphatase activities.
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Figure I. The SopE-Cdc42 complex.

Switch regions of Cdc42 and the catalytic loop of SopE are indicated.

HPrK plays a major role in the control of catabolite repression in Gram+ organisms and its activity is tightly linked to
the phosphoenolpyruvate sugar transport and phosphorylation system (PTS), which imports specific sugars into the cell.
When PTS-sugars are available in the medium, the PTS systems is activated giving rise to increased glycolitic flux and
ATP levels. When these sugars are absent however, the glycolysis flux decreases producing a concomitant decrease in
cellular ATP levels and an increase in free phosphate. The
kinase and phosphatase activities occur in the same catalytic
centre and are differentially affected by the levels of ATP and
free phosphate. Therefore HPrK acts as a sensor of the
metabolic state of the cell adjusting catabolite repression
accordingly.
We have solved the crystal structure of Staphylococcus xylosus HPrK at a resolution of 1.95 A (Marquez et 01.,2002) This
structure has provided a very detailed picture of the catalytic site where both reactions occur as well as well as a considerable insight into the relationships between members of
this and other nucleotide-dependent small-substrate kinase
families. As shown in figure 2, HPrK forms a homo hexamer
whose shape resembles a three-bladed propeller. Two clearly independent domains can be identified within each protein
subunit:The N-terminal domain that in the form of dimers
makes the "blades" of the propeller and the C-terminal
domain that contains the catalytic centre and forms the central part of the structure. Two phosphate ions were found at
the interface between adjacent N-terminal domains, which
indicates the possible involvement of this region in the binding of a phosphorylated ligand. Again two phosphate ions
were found at each of the catalytic sites representing the

positions of the P-phosphate and y-phosphates of ATP after
the phosphotransfer reaction; an observation that contributed greatly to the understanding of the catalytic machinery of HPrK and related proteins (Mijakovic et 01., 2002),
pointing to an evolutionary ancient mechanism of phosphoryltransfer in this group of protein kinases. Finally a structure-based computational analysis performed in collaboration with Rob Russell (EMBL) uncovered an unexpected evolutionary relationship between HPrK and the phosphoenolpyruvate carboxikinase (Russell et 01., 2002).

Bruton's Tyrosine Kinase
Non-receptor protein tyrosine kinases (nrPTKs) are important mediators of cellular signals in multicellular organisms.
They are involved in the control of cell cycle and development processes, among others and improper regulation of
their activity can lead to the development of tumors, immunodeficiencies, and other pathologic conditions. nrPTks have a
modular structure with one catalytic and several regulatory
domains wich participate both in the control of the kinase
activity and the selection of effectors and targets. According
to sequence conservation and domain coposition, nrPTKs
have been classified in different subgroups. Given their structural similarity, different proteins within each subgroup are
likely to share common regulatory mechanisms.The Bruton's
tyrosine kinase (Btk) protein belongs to one of these subgroups: the Tec family of nrPTKs, which includes five proteins
in humans: Btk, Bmx, Itk, Tec and Txk. Btk is expressed mainly in B cells and its inactivation leads to the development of
X-linked aggammaglobulinemia (XLA), a naturally occuring
immunodeficiency characterized by the lack of mature B168 - - - - - - - - - - - - - - - - - - - - - - - - - -
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In order to gain insight on the structure of the inactive con-

cells, which are responsible for the production of gammaglobulins. As a consequence, XLA patients are very prone to
recurrent bacterial infections.

formation of Tec family kinases, and in collaboration wiht
Dimitri Svergun at EMBL-Hamburg outstation, we have

Most Tec family members contain five different domains; A
Pleckstrin homology (PH) domain, a Tec homology (TH)
domain, a Src homology 3 (SH3) domain a Src homology
2(SH2) domain and a N-terminal kinase domain. The PH
domain can bind phosphatidyl inositides (Pins) acting as a
membrane targeting unit (Hyvonen et 01., 1997; Baraldi et 01.,
1999; Marquez et 01., 2002), while the SH3 and SH2 domains
are involved in protein-protein interactions. Recent
Structural studies on members of the Src subfamily of
nrPTKs have revealed that the SH3 and SH2 modules are
not only involved in target recognition, but also participate in
the maintenance of the inactive state of the kinase (Sicheri et
01., 1997; Xu et 01., 1997). However, to date, it is unclear
whether the Src model can be extended to other nrPTK
subfamilies.

meassured X-ray scattering curves from full-Iengh Btk and
Bmx as well as several constructs including different domains
of the Btk protein at the X33 beamline of the EMBL at
HASYLAB. The results indicate that both Btk and Bmx display extended rather than globular conformations. In-silico
modelling of the molecular envelopes of full-length and partial Btk constructs based on the scatttering curves and the
crystallographic cordenates available for idividual domains
allowed us to construct a tentative model of the domain
structure of the full-length Btk kinase. These results sugest
that Tec kinases display vey different regulatory mechanisms
as compared to Src and represent the first structural models from members of this protein family (in preparation).

Figure 2. The HPrK hexomer in ribbon representQtion.
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functional significance for its broad substrate specificity
(Raaijmakers et 01., 200 I).

We combine X-ray crystallography with various biochemical
techniques to study protein-nucleic acid interactions.We are
interested in the structural basis of the recognition process
and the catalytic mechanism of nucleases/recombinases and
proteins binding or modifying RNA. During the year we have
continued our studies on structure-selective nucleases
focussing in particular on Holliday junction resolvases.
Another major focus of our research has been on Sm-related proteins from Archaea and bacteria.

By solving the X-ray structures of complexes with various 4way DNA junctions and simple mismatched DNA duplexes
we want to determine how Endo VII recognizes and cleaves
such structurally widely different substrates. Several crystal
forms of 4-way DNA junction-Endo VII complexes have been
obtained, however, so far none of them diffracted to high
resolution. By systematically changing the arm length of the
junction we are trying to improve the crystal packing and
thereby increase the resolution of the crystals.

Structure-selective nucleases
Structure-selective nucleases recognise particular structural
features of their substrates while showing little sequencespecificity (Suck, 1997). The level of their structural specificity ranges from simple discrimination between single- and
double-stranded substrates to the recognition of specialized
structures like flap DNA or Holliday junctions. Among the
nucleases we have studied are the single-strand specific fungal enzymes P I and S I (Romier et 01., 1998); the doublestrand specific DNase I (Suck, 1997); T5 5' nuclease exhibiting a pronounced selectivity for flap DNA (Ceska et 01.,
1996); the A integrase-type recombinase Cre, which can be
considered a structure-specific nuclease, since a Holliday
junction is a reaction intermediate and also a substrate of
the enzyme (Suck et 01., 1999); and the junction-resolving
enzymes T4 Endonuclease VII (Raaijmakers et 01., 1999; 200 I)
and A.fulgidus Hjc.

In contrast to Endo VII, the archaeal A. fulgidus Hjc (Holliday
junction cleaving) protein specifically recognizes and cleaves
4-way DNA junctions. We have obtained well diffracting
(-1.8A) trigonal crystals of the A. fulgidus Hjc protein
(a=b=37.5A, c=272.1 A) and we are presently trying to solve
the structure by molecular replacement using the coordinates of the previously solved S. solfataricus or P. furiosus proteins. Cocrystallizations with DNA 4-way junctions are
under way. Very recently we obtained first crystals of the
Holliday junction resolving enzyme from an archaeal virus
(SIRV2-Hjc).

RNA binding/modifying proteins
Projects in this category include Sm-related proteins, Pop2, a
component of the major yeast deadenylase complex, and
Arc I, a protein necessary for the efficient aminoacylation of
Met and Glu tRNA in yeast.

Holliday junction resolvases: T4
endonuclease VII, Archaeoglobus
fulgidus and SIRV2 Hjc

Arc I
Uerome Basquin, Hannes Simader; collaboration with
George Simos)

(Christian Biertiimpfel, Eric Ennifar,jerome Basquin,
Claude Sauter; collaboration with Borries Kemper,
University of Cologne)

Arc I associates in vivo with the Met and Glu aminoacyltRNA synthetases and stabilizes their interaction with their
cognate tRNAs (Deinert et 01., 200 I). The C-terminal tRNAbinding domain (TRBD) of Arc I shares homology with the
TRBD of p43, an OB-fold protein that is part of the multisynthetase complex of higher eukaryotes. Aim of the project is to study the role of Arc I in the conformational stabilization of the interactions in this multi-component complex.
Crystallization experiments of the ternary complex of Arc I
and the two aminoacyl-tRNA synthetases are under way and
will be extended to the quaternary complexes once sufficient amounts of the cognate tRNAs are available from in
vitro transcription.

Phage T4 endonuclease VII (En do VII), the first enzyme shown
to resolve Holliday junctions, exhibits a strong, but rather
broad selectivity for branched as well as mismatched DNA
with almost no sequence selectivity. The crystal structure
revealed a novel fold not seen in any of the known junction
resolvases and a very unusual domain-swapped dimer architecture, which stabilizes the open fold of the monomers
(Raaijmakers et 01., 1999). Further analysis and comparison of
the wild-type and mutant structures in different crystal environments showed, that Endo VII possesses unexpected
intrinsic conformational flexibility, which is thought to be of
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Pop2
(Stephane Thore; collaboration with Bertrand
Seraphin, CNRS, Gif sur Yvette)
Pop2, also known as Cafl, is part of the major deadenylase
complex in yeast and together with Ccr4 is required for the
efficient mRNA degradation in vivo. Recently, a non-canonical
RNase D signature sequence has been identified in Pop2 and
a recombinant C-terminal domain was shown to possess
poly(A)-specific 3'-S'-exonuclease activity (Daugeron et al.,
200 I). We have crystallized this domain of Pop2 (P2 1 2 1 2 1 ,
a=77.7A, b=78.6A, c= 102.2A) and have collected a 2.8A
native data set. Heavy atom searches are under way and very
recently a 3.ISA MAD data set of a seleno-methionine
labeled crystal has been collected. A first electron density
map based on these data is presently being interpreted.

Sm-related proteins
Sm-related proteins are present in all three domains of life.
Originally detected as components of the small nuclear
ribonucleoprotein particles (snRNPs) of eukaryotic cells, Sm
proteins were later also identified in Archaea and bacteria
(Salgado-Garrido, 1999; Zhang et al., 2002). They share a
common, bi-partite signature sequence, approximately 70
amino acids long, known as the Sm domain, and are associated with U-rich RNA sequences. Eukaryotic Sm and Sm-like
(Lsm) proteins are involved in a variety of RNA processing

events including pre-mRNA splicing, rRNA processing,
mRNA degradation and tRNA maturation. In contrast, very
little is known about the function of archaeal Sm proteins.
In Eukarya seven distinct Sm proteins form the core domain
of the spliceosomal snRNPs and bind to the so-called Smsite, a uridine-rich single-stranded region of the snRNA.
Archaea encode a maximum of two distinct Sm-related proteins belonging to two subfamilies we refer to as Sm I and
Sm2. As part of a structural and functional analysis of Smrelated proteins we have solved the structures of several
archaeal Sm complexes and have very recently solved the
structure of the E. coli Hfq protein.

Archaeal Sm proteins
(Stephane Thore,Jerome Basquin, Imre Toro, Claudine
Mayer; collaboration with Bertrand Seraphin, CNRS,
Gif sur Yvette and Christa Schleper, University of
Darmstadt)
We reported previously the structures of the Archaeoglobus
fulgidus Sm I (AF-Sm I) and Sm2 (AF-Sm2) proteins, and the
AF-Sm IIUs complex (Toro et al., 200 I; 2002). Recently we
have determined the structures of the Pyrococcus abyssi protein (PA-Sm I) and its complex with a heptameric oligo(U)
(Thore et al., 2002) (see below). These structures show that
the Sm monomer fold as well as the architecture of the Sm
core domain has been conserved during evolution. The

Figure /. Structure of the P .abyssi PA-Sm I protein (left) and its
complex with a heptameric oligoU (PA-Sm I/U7) (side and top
view). In the free protein two heptamers associate via the Arg J 0
and His J 0 residues, while in the U7 complex, the oligoU binds
between two heptameric rings. The RNA contacts the protein at
two different sites: in a uracil-speciffc binding pocket inside the
central cavity and at an external site at the surface of the heptamer. The protein and bound RNA molecules are shown in ribbon and stick representation, respectively. Bound calcium ions stabilizing the RNA are represented by spheres.
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Figure 2. The structure

of the E.coli Hfq (residues

/-72) hexamer.

homo-heptameric ring-structures seen in the archaeal Sm I
proteins resemble the model proposed for the human
snRNP core domain by Nagai and coworkers (Kambach et
0/., 1999) and may therefore represent a primitive form of
the Sm core domain of eukaryotic RNPs. Furthermore, a
conserved uracil-binding pocket indicates a common RNA
binding mode for archaeal and eukaryotic Sm proteins.
The biological significance of the hexameric AF-Sm2 complex (Toro et 0/., 2002) is still unclear. The differences in the
intersubunit contacts provide an explanation for the distinctly different olgomerization behaviour and stability of the
archaeal Sm2-type proteins. The Sm I complexes are very
stable under a wide range of conditions (in this respect
resembling the eukaryotic canonical Sm proteins), while the
oligomerization of the AF-Sm2 protein strongly depends on
the pH and the presence of RNA, more like the eukaryotic
Lsm proteins.
We have shown earlier using immunoprecipitation experiments, that the AF-Sm I and Af-5m2 proteins from A.fulgidus
both associate with RNase P RNA in vivo suggesting a possible role in tRNA maturation (Toro et 0/.,200 I). In order to
test whether this interaction is conserved in other archaeal
species and whether additional RNA species or proteins
associate with the Sm proteins we have started a collaboration with Christa Schleper (U. Darmstadt) aimed at defining
the in vivo partners of the Sm proteins from the crenarchaeon S.so/fataricus.

Crystal structure of the PA-Sm I/U7 complex suggests a model for RNA binding in the eukaryotic
Sm core
We have recently solved and refined the crystal structures of
the P. abyssi PA-Sm I protein and its complex with a heptameric oligo(U) at 1.9 and 2.1 A resolution, respectively
(Figure I;Thore et 0/., 2002).The overall structure of the protein complex, a heptameric ring with a central cavity, is similar to that proposed for the eukaryotic Sm core complex
and found for other archaeal Sm proteins.
RNA molecules bind to the protein at two different sites.
They interact inside the ring with three highly conserved
residues, defining the uridine-specific binding pocket, as seen
previously in the AF-Sm IIUs complex. In addition,
nucleotides also interact on the surface formed by the Nterminal a-helix as well as a conserved aromatic residue in
2 of the PA-Sm I protein. Mutation of this conserved aromatic residue shows the importance of this second site for the discrimination between RNA sequences
(Thore et 0/., 2002).
Based on this structure as well as on the available biochemical data, we propose a model of the eukaryotic Sm core
proteins bound to a 5-mer RNA representing the sequence
directly upstream of the U I snRNA Sm site. According to
this model, which is consistent with cryo EM, chemical modification and cross-linking studies, the SmE protein would
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serve as the binding site for the U I snRNA leaving
SmD2 and SmD I free for unspecific interactions with the
pre-mRNA.This model suggests that the Sm core represents
a platform for interactions between pre-mRNA and snRNA
and explains how the Sm proteins achieve their function of modulating RNA/RNA interactions.

E. coli Hfq
(Claude Sauter,jerome Basquin; collaboration with
Toby Gibson)
E.coli Hfq, also known as host factor I (HF-I) for phage QB
RNA replication is a 102 amino acid protein, which has
recently been found to interact with many small RNAs
(sRNA) involved in regulating mRNA translation and stability (Wassarman et 01., 200 I). It binds to A/U-rich sites in these
sRNAs and thereby promotes the interaction with their
mRNA targets. Structure-based sequence alignments (Sauter
et 01., unpublished results) suggested some homology with
Sm proteins. EM investigations indicate that it forms a multisubunit ring structure, most likely a homo-hexamer. In addition, Hfq was shown to preferentially bind to oligoU in vitro.
Hfq therefore has the characteristic features of eukaryotic
and archaeal Sm proteins.
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We first obtained tetragonal and hexagonal crystals of wildtype E. coli Hfq yielding data to 2.7 A resolution at beamline
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01., 2002) as a search model.
The structure of the E. coli Hfq protein (Figure 2) is very similar to the Hfq hexamer found in S. aureus, as reflected by the
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targets.
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A main goal in Biological Science is to understand how identical genetic information present in different cell types gives
rise to the diverse types of cell present in higher organisms
One way to obtain answers to this question is to elucidate
mechanisms that control cell-specific gene expression, which
ultimately leads to functional specialization of cells. Gene
modulation by hormones provides a classical model of differential gene expression. In particular, the pleiotropic effects
of estrogen illustrate the fundamental problem of understanding how a single chemical can exert multiple and cellspecific action. Indeed, estradiol (E2), predominantly produced by ovaries, regulates the development, differentiation
and homeostasis of several tissues. These actions are primarily exerted by nuclear estrogen receptors (ERs) that act as
ligand dependent transcription factors.
The specific actions of estrogens within different tissues
could potentially be mediated at two levels. First, the diversity of the E2 response could reflect specific control of the
amount of ERs, as their expression is prerequisite to any
estrogenic response.Another mechanism is through the cellspecific regulation of ER activity, which is also involved in the
pleiotropic effects of estrogens. The studies performed in
our laboratory evaluates both these mechanisms, through
addressing cell-specific mechanisms of the synthesis of ERs,
the post-transcriptional and post-translational processes
that modulate the activity of ER and the molecular basis of
how ER functions within a cell.

The ER-a gene
Like most genes in higher eukaryotes, several promoters
control the expression of ERa mRNA. As illustrated in
Figure I, 7 promoters have been identified up to now
upstream of the human ERa gene (hERa, Kos et 01., 200 I),
most of them expressed to different levels in different cell
types (Reid et 01. 2002a; Figure 2). None of the promoters
identified had been linked specifically to the expression of
hERa in a specific tissue. A certain degree of specificity was
however identified when the T promoter was found to be
expressed essentially in the male reproductive tract (Brand
et 01., 2002).
Each promoter gives rise to at least one distinct mRNA
species that differs in their 5'
region (UTR) due
to splicing of each individual upstream intron to a common
acceptor splice site upstream of the start codon. These different mRNAs increase the potential for regulation, as the
sequence of the 5'UTR affects translatability.We have shown
that the different 5'UTRs when positioned upstream of a
reporter gene can affect expression levels. Inhibition of
translation was shown to result at least partially from
numerous startAUG codons present in the 5'UTRs that may
prevent scanning ribosomes from reaching the start codon
responsible for full length ERa translation (Kos et 01., 2002a).
The hERa gene generates both the classical hERa, 66 kDa in
size, (hERa 66) and a splice variant devoid of the entire Nterminal domain (hERa 46; Flouriot et 01., 2000, Denger et 01.

of the 7 promoters of the human ERa gene. The genomic location of multiple promoters and upstream
exons described to date is shown. Coloured boxes represent upstream exons with names according to the nomenclature we proposed.
Promoters are depicted as broken arrows. Numbers below exons correspond to the distance from the originally described transcription
start site + I in basepairs. Numbers between exons show the size of major introns in kbp. Broken lines symbolise observed splicing and
the common acceptor splice site in exon I is represented by an open triangle.
Figure I. Genomic organization

178 - - - - - - - - - - - - - - - - - - - - - - - - - -

Additional Research Activities

MCF-7

ZR-75

Mammary
Gland

Ovary

"A" Promoter

II

"B" Promoter
lIC" Promoter

II

"E" Promoter

"F" Promoter
Endometrium

Liver

Osteoblasts

Figure 2. Differential promoter usage in human cell lines and tissues. The contribution that known promoters make to hERa mRNA
synthesis in different cell types is shown. Whereas the promoters clustered within 2 kbp of the common splice acceptor site (A, B and C)
are predominantly utilized in cell lines and tissues expressing relatively high levels of hERa more distal promoters (E and F) contribute
most to the pool of hERa mRNA in liver and in primary osteoblasts, where hERa mRNA is less abundant.

200 I). In addition to these alternative splicing events, we
have shown that trans-splicing between two mRNAs results
in the dupl.ication of coding exons within the hERa gene
(Flouriot et al. 2002).
To study the role and function of ERa knock-out (ERa KO)
in mice was generated by the group of Prof. Kenneth Korach,
and has been extensively used for several years. However, we
demonstrated that a variant ERa protein, 61 kDa in size, is
expressed in the uterine tissue of ERa KO mice as a result
of an alternative splicing event (Kos et al., 2002b). The transactivation capability of this protein can be up to 75% of wild
type ERa, indicating that previous interpretations of the phenotypes of these ERa KO mice should be reinterpreted.

The protein: structure and functions
Structure

Estrogen receptors regulate the transcription of target genes
through binding as homodimers to Estrogen Responsive
Elements (EREs) within the promoter region of the target
gene. Through sequence alignment, ERs can be divided into
six domains, termed A to EThough considered as modular
proteins, functional interplay and intramolecular contact
between ER domains dictate the overall behaviour of the
protein. In particular, we demonstrated that the A domain
represses the ligand independent activity of hERa transactivation and transrepression activities through direct interaction with the C-terminal region of the protein.To understand
the mechanisms involved in the roles of the A domain, we
determined the structural basis of this interaction, using tar-

geted mutations based on structural models. This work, performed in collaboration with Rob Russell's lab (Structural
and Computational Biology, EMBL, Heidelberg, Germany)
and colleagues in the EMR lab (UMR6026 CNRS, Rennes,
France), allowed us to propose a dynamic model where binding of different ligands influences the A domain interaction
with the C-terminal region, and results in specific functional
outcomes (Metivier et al., 2002a, Figure 3). This model gives
new insight into the dynamic properties of full-length hERa
and into the structure of unliganded hERa for which no
experimentally determined structure is currently available.
With respect to the lack of the entire N-terminal region, and
therefore of A domain, we demonstrated that the hERa 46
isoform has a specific ligand-independent ability to repress
transcription (Metivier et al., 2002a). Regulation of the relative levels of both hERa isoforms in a given cell, due to a specific use of promoters, alternative splicing or degradation
(Kos et al., 200 I) should therefore result in specific outcomes in hERa mediated transcription.
Classical models of ER actions believe that unliganded ERs
are distributed between the nucleus and the cytoplasm, as
monomers associated with heat shock proteins (hsp).
However, both hERa 46 and 66 exhibit ligand-independent
activities implying that at least a proportion of the cellular
pool of unliganded hERa is transcriptionally competent. By
evaluating the intracellular localization and association with
hsps of unliganded hERa, we redefined the classical model.
Indeed, unliganded hERa is mainly found in the nucleus and
is poorly bound to hsp.
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of hERa activity by its A domain.
Our exploration of the physical interaction between the hERa A
domain and LBD leads to a new dynamic model of hERa activation by ligands illustrated here. In unliganded hERa, the A domain
(green helix) interacts with the LBD [white surface (a)], a state in
equilibrium where H /2 (blue helix) competes for the same surface (b). In the presence of antagonist such as OHT, corepressors
(CoRs) are recruited to the cleft [pink helix (c)]. Binding of estradiol (E2) remodels the C-terminal region, removing the A domain
from its cleft, allowing the movement of the H /2 that generates
the surface for interaction with coactivators [CoAs, state (d)].
Figure 3. Structural modulation

H12

(d)

Function
Cyclic, proteasome-mediated turnover of
unliganded and liganded hERa on responsive
promoters

Recent studies, particularly those by Stenoien et al. (200 I),
suggested a role for the proteasome in estrogen signalling.
Subsequently, our experimental data led us to demonstrate
a simple model that incorporates a central role for proteasome-mediated turnover in the cycling of both unliganded
and liganded hERa on a responsive promoter. In the absence
of ligand, hERa can associate with an ERE in a cyclic fashion
and is then subject to ubiquitination. Subsequent proteasome
activity results in the degradation of hERa and allows this
cycle to commence again. On inhibition of proteasome activity, polyubiquitinated, unliganded hERa becomes immobilized
within the nuclear matrix (Figure 4). E2 liganded hERa binds
to a target gene promoter, again in a cyclic manner, albeit
with a higher promoter occupancy and with longer cycling
periods. During transcription, E2 liganded hERa becomes
ubiquitinated and targeted for proteasome-mediated degradation. This requires the action of ubiquitin ligases and
recruitment of the APIS subcomplex of the proteasome.
Again, the liganded cycle is completed by proteasome-mediated clearance of ubiquitinated hERa. This model reconciles
proteasome-mediated turnover of hERa with transcription
and explains why transcriptional inhibitors abolish hERa
degradation while proteasome inhibition abolishes hERa
transcriptional activity (Reid et al., in press; see Figure 5).

ChiP
Once bound to EREs, hERa activates transcription of target
genes through a plethora of proteins. Although the mechanisms by which hERa recruit these cofactors are beginning
to be well characterized, the temporal organization of
recruitment during transcriptional activation of a target gene

has to be determined.As clarification of these mechanisms is
essential to understand the pleiotropic effects of estrogen,
we are currently dissecting the dynamics of hERa intracellular actions, in terms of cofactors recruitment, intranuclear
sub-localization and post-translational modification, mostly
using the ChiP assay we developed.

Interplay with CO UP-TFI
Within the cell, hERa actions are influenced by other transcription factors. An illustration of such a cell-specific
processes is the functional interplay between hERa and an
orphan nuclear receptor termed COUP-TFI, that we
described (Metivier et al., 2002b). Indeed, in cell-types where
COUP-TFI and hERa coexist, such as uterine and breast
epithelial cells, we showed that COUP-TFI enhances the
transcriptional activity of hERa. We found that this effect
depends on the formation of a high affinity hERa/COUP-TFI
complex that has increased affinity for ERK2/p42MAPK.This
results in an increase of the proportion of phosphorylated
hERa with enhanced activity. These data indicate alternate
interaction process between nuclear receptors and demonstrate a novel protein intercommunication pathway that
modulates hERa activity. The cell-specific transcriptional
interplay between hERa and COUP-TFI is therefore a way
to diversify estrogenic responses, involving interplay with
kinase pathways.

The role of estrogens In molecular
medicine
In bone
The skeleton confers resistance to mechanical stress and
protects internal organs from damage, and is the major physiological store of phosphate and calcium. In man, bone modeling occurs while growth plates remain open during the first
two decades of life and during healing when fractures occur.
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Further, bone turnover occurs throughout adulthood, regulated such that the rate of bone formation is similar to
resorption thereby maintaining constant bone mass and
bone mechanical integrity. Normally, osteoclast mediated
resorption of bone is followed by bone formation through
the action of osteoblasts. Under pathological conditions, the
balance between bone formation and resorption is not preserved. The most common bone disease, osteoporosis,
results from either a relative increase in bone resorption or
from a relative decrease of bone formation. Understanding
osteoclastogenesis and osteoclast function is of importance
in recognizing how balanced bone turnover is maintained
throughout life and how this balance changes in pathological
situations such as osteoporosis.

the population of osteoclasts is increased during the pathogenesis of postmenopausal osteoporosis. However, the
detailed cellular and molecular mechanisms underlying the
effects of estrogens on this cell type are poorly defined. Our
studies aimed to evaluate the effects of estrogens on differentiation of osteoclasts from monocytes and of ER mRNA
variant expression during this differentiation process. We
have shown that the expression levels of ERa correlate with
the expression of TGF-p and IL-6, known estrogen responsive target genes. We investigated the role of estrogens on
osteoclast differentiation and function to obtain a better
understanding of the process of bone turnover.

In cancer
Breast cancer remains the most common cancer in women
worldwide with around 190,000 woman diagnosed and
40,000 women dying from breast cancer in the US every
year. Despite these bleak statistics, the incidence and mortality of breast cancer has declined in recent years, primarily

Estrogens are involved in the maintenance of healthy bone,
by decreasing bone resorption, thereby contributing to the
prevention of osteoporosis. Bone resorption is mediated by
the action of osteoclasts, and several studies indicate that
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as a consequence of early detection and diagnosis and of the
use of systemic chemotherapy and hormone therapy. It is
increasingly apparent that estrogen has an obligate role in
the development of breast cancer. E2 induces cellular proliferation in the endometrium and in the breast through modulating the expression and activation of key regulatory components of the cell cycle. Prolonged exposure to estrogens,
such as early menarche, late menopause, nulliparity and late
age at first pregnancy are associated with an increased risk
of developing breast cancer. Cells expressing hERa are rare
in normal breast, and generally do not concomitantly express
markers of cellular proliferation, such as Ki67.

Concordant with the role that hERa has in the aetiology of
breast cancer, both tamoxifen and raloxifen, steroid mimetics that block the proliferative activity of hERa in breast, are
effective in the treatment and in the prevention of breast
cancer. We recently discovered that inhibition of deacetylase
activity results in the loss of hERa from breast carcinoma
cell lines. This loss of hERa protein from cells is dependant
on proteasome mediated turnover of the receptor (Reid et
al., 2002).This point highlights the therapeutic applications of
our results coming from fundamental research.
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of hERa turnover on responsive promoters. Liganded and unJiganded hERa cycle differently on estrogen
responsive promoters, with the proteasome having a central role in the clearance of hERa in both circumstances. This allows continuous
sensing of E2 levels. leI removes hERa from these cycles by direct targeting to the proteasome.
Figure 5. An integrated model
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In recent years, the Kafatos group has increasingly focused
on the study of the major vector of malaria in Africa,
Anopheles gambiae. We are now working exclusively on this
biological system, especially on mosquito immunity as it
relates to the control of transmission of the rodent malaria
parasite, Plasmodium berghei, by the mosquito. This is a fascinating and now accessible model system, which is illuminating the complexities of evolutionary ancient immune systems, and of the parasite life style. Major advances have been
made in bringing into the study of this system the power of
functional genomics. An underlying conviction is that our
rapidly advancing understanding will prove useful in bringing
novel approaches to bear on the currently intractable problem of human malaria.

Malaria, mosquito immunity and their
connection
Malaria is one of the three most serious communicable diseases of humanity. Annually, an estimated 300 million new
infections result in the death of up to three million, mostly
children between the age of one and five, in sub-Saharan
Africa. Transmission of the disease agent, the parasite
Plasmodium, requires its cyclical development in two organisms:the human host and the Anopheles mosquito vector.The
immune systems of both organisms are activated by the
infection, and may hinder or (rarely) abort parasite development. The major African vector, Anopheles gambiae, mounts
immune reactions that differ between genetically selected
mosquito strains and account in part for large losses of parasite numbers in the vector. An extreme reaction occurs in
a melanotically encapsulating refractory strain, L3-S, in which
late ookinete stage parasites are killed and isolated in a capsule cross-linked with melanin (Collins et al., 1986).
In recent years, a combination of biochemical, molecular, cell
biological, and genomic approaches has driven advanced
studies of the Anopheles innate immune styme and its reaction to Plasmodium infection. A landmark in these studies
was the sequencing of the A. gambiae genome (Holt et al.,
2002) through the collaborative work of an international
consortium in which EMBL actively participated (Kafatos,
Bork and Birney groups, and the genomics core facility in
Heidelberg). The parallel publication of the completed P. (al-

ciparum genome (Gardner et al., 2002) thus means that all
three genomes implicated in malaria transmission, human,
vector and parasite, are available. Systematic experimental
analysis will provide novel insights into the biology of malaria, potentially leading to new strategies to disrupt disease
transmission.

A preview of the
the PEN I region

Anopheles genome:

In the Plasmodium-refractory L3-5 strain of A. gambiae, the
immune reaction to Plasmodium is very robust. These mosquitoes are able to kill and encapsulate the parasite in a proteinaceous envelope cross-linked with melanin, as it traverses the mosquito midgut epithelium. Genetic analysis of the
L3-5 strain has ascribed melanotic encapsulation to the concerted action of three quantitative trait loci, Pen I, Pen2, and
Pen3 (Zheng et al., 1997). As part of a 'pre-genome' genomics
effort, a 0,5 Mb region of chromosome 2R (Figure I), encompassing Pen I, the major determinant of encapsulation, was
sequenced and 48 genes were identified (Thomasova et al.,
2002). This was the first significant preview of the mosquito
genome, and by comparison with the Drosophila genome it
led to two major conclusions. (I) a considerable fraction of
the genes in these two species are shared orthologs, often
found in small, conserved physical clusters. (2) The Pen I
region revealed a remarkable local sequence polymorphism
that may be related to the refractoriness phenotype; this
gave the first indication of the existence of two major haplotypes in the mosquito genome.

From bites to bytes: the mosquito
genome
A shotgun approach was employed by Celera Genomics and
Genoscope to sequence and assemble 278 million base pairs
of the genome of an A. gambiae laboratory strain.
Computational analysis revealed that it encodes approximately 15,000 proteins. Sequence analysis established that
most of the genome consists of two major haplotypes separated by significant sequence variation.This is consistent with
other evidence suggesting that A. gambiae has rapidly evolved
to create a large complex of emergent species that occupy
diverse ecological niches.
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indicated.

In one of the first comparative genomic analyses in animals,
the group of Bork, F. C. Kafatos and external collaborators
compared in detail the A. gambiae and D. melanogaster
genomes.These two Diptera have substantially diverged over
the past 250 million years since their last common ancestor
(Zdobnov et al., 2002). Comparison of I: I orthologous genes
that are shared between these species indicated that the
rate of sequence divergence is significantly higher than in
vertebrates: the average sequence identity in this class of
genes is somewhat lower than that between fish and human
(450 myr apart). A detailed study of mosquito (242) and fruit
fly (185) putative innate immunity genes established that
genes of this category are substantially more diversified than
the genome as a whole (Christophides et al., 2002). A large
fraction of immunity genes (47% in Anopheles and 37% in
Drosophila) are derived from species-specific expansions
within the corresponding gene families.This is especially true
for genes encoding molecules putatively involved in non-self
recognition, signal modulation, and downstream effector
actions. In contrast, genes that encode proteins involved in
multifunctional signal transduction pathways (e.g. the Toll
family, MyD88, IMD) are usually orthologs. The high degree
of diversification in immune-related genes may suggest a
necessity for evolutionary novelty in the immune system to
address a variety of pathogens associated with the very different life styles of the mosquito and the fruit fly. This may
have particular relevance to Plasmodium recognition and
therefore may affect malaria transmission.

Exploration of the immunity
transcriptome
The repertoire of immune reactions to diverse pathogen
challenges was experimentally investigated by in vivo and ex
vivo expression profiling, using a microarray consisting of
4,000 mosquito ESTs (Christophides et al., 2002;
Dimopoulos et al., 2002). These studies supported the idea
that sequence diversification is related to diversified gene
functions. Within an immunity gene family, distinct members
are differentially regulated by Gram+ and Gram- bacterial
infection, or by challenge with various microbial elicitors
(Figure 2). In addition, numerous new immune responsive
gene and gene families were discovered. Moreover, groups of
tightly co-regulated immune responsive genes were evident,
which possibly define specific regulatory pathways. The
response to infection with the malaria parasite overlaps

extensively with the reaction to bacteria, but also encompasses additional genes. Significantly, these genes are also well
represented in the response to oxidative stress. When profiling isolated parasite-infected organs such as the midgut,
these features are even more evident.
Genome expression profiling of L3-5 refractory mosquitoes
demonstrated that they mount mounting a more robust
immune reaction than the susceptible mosquitoes. The two
strains also exhibit differences in the expression of genes
belonging to the oxidation-responsive class. Biochemical
assays performed in collaboration with the groups of
Carolina Barillas-Mury (Colorado State University), George
Dimopoulos (Imperial College), and Rafael Cantera
(University of Stockholm) demonstrated significantly higher
levels of free radicals, especially hydrogen peroxide, in L3-5
as compared to susceptible mosquitoes. This suggests that
the refractory strain is in a chronic state of oxidative stress.
To investigate the potential association of this physiological
state with parasite melanization, key players of the mosquito
oxidation defense, e.g. thioredoxin reductase, catalases and
superoxide dismutases, are currently being assayed for
potential effects on the mosquito's vectorial capacity.

Tools for assigning gene functions
Beyond gene identification and transcriptional profiling,
robust methods for functional analysis are required to determine the role of specific genes and to unravel the regulatory pathways in which they are involved. Towards this end,
two complementary approaches have been pursued. We
have established a system to conditionally express genes in
stably transformed mosquitoes, and also developed a single
generation, in vivo RNA interference (RNAi) assay. Based on
the tetracycline transactivator (tTA) and reverse transactivator (RtTA) systems, and using the Minos and PiggyBac transposable elements, several A. stephensi lines conditionally
expressing transgenes were created. Spatial control of transgene expression was achieved with a promoter from the
SRPN 10 locus (see below), a gene that is transcriptionally
upregulated in mosquito midgut epithelial cells upon invasion
by Plasmodium. The ternary tTA and RtTA systems both
closely mirror the endogenous tissue expression pattern of
the serpin: marker expression is upregulated in invaded cells,
but is also dependant on withdrawal or supply of tetracyline
supplements. Work is continuing to refine these tools
through the generation and testing of additional alternative185 - - - - - - - - - - - - - - - - - - - - - - - - -
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Figure 2. Expression profiles of a set of Anopheles immunity
genes. From left to right: Developmental (DE) expression profiles
were examined at embryonic, Ist, 2nd, 3rd, 4th instar larvae,
pupae, and adults. Adult female mosquitoes were pricked with a
sterile needle (ST) or infected with E. coli (E. c.) or S. aureus (S.
a.), and assayed at 6, 12, and 24 hours after treatment.
Mosquitoes were infected with malaria (MA), and expression profiles were examined at 24 hours, 28 hours, 6 days, II days, and
16 days after infection. Green and red-colored data points of
increasing intensity indicate up- and down-regulation relative to
the reference (REF) samples, which were pooled developmental
stages, naive and blood-fed mosquitoes, respectively. Regulation
values below I.S-fold are masked in black; gray represents missing points.

Iy marked transposons and convenient vectors. We aim to
achieve (a) transgene overexpression, and (b) introduction of
inverted repeat sequences, to generate silencing constructs
for functional genetic analysis. This valuable technology is
currently being transferred to A. gambiae.
The effectiveness of a rapid, loss of function assay was
demonstrated in proof of principle experiments that

achieved in vivo RNAi knockdown of the gene encoding an
antimicrobial peptide, defensin (Blandin et al., 2002). Gene
expression was efficiently and reproducibly silenced in adult
mosquitoes, following injection of in vitro synthesized doublestranded RNA encompassing a region of the defensin (DEF I)
gene. Analysis of the knockdown phenotype revealed that
this peptide is required for protection of the mosquito
against Gram+ bacteria (Figure 3). In contrast, no effect on
the establishment of P. berghei infection was observed, suggesting that this peptide is not a major antiparasitic factor in
A. gambiae. This simple yet powerful approach has made it
possible to undertake the wide-scale study of mosquito gene
function. We are assaying for immune-related functions
through RNAi knockdown candidate genes that were identi, fied from the genome sequence, as well as most of those displaying immune responsiveness in the expression profiling
experiments that were described above. From these ongoing
studies a wide variety of genes have been identified as playing a role in defense against bacteria or parasite infection, or
both. A prime example is the conclusion that the TEP I gene
plays a critical role in mosquito-parasite interactions.

Thioester-containing proteins: a
complement-like system of
invertebrates
TEP I belongs to a family of proteins that are characterised
by a conserved thioester (TE) motif, which allows their covalent binding to target surfaces. Members of the family have
been identified in many multicellular organisms ranging from
C. elegans to humans. In vertebrates, such proteins play an
important role in immune responses as components of the
complement system (factors C3, C4 and CS), and as universal protease inhibitors (a2-macroglobulins). Other than hap-

lotypes, 15 distinct TEP gene sequences have been identified
in the genome of A. gambiae (Figure 4, Figure I). A number
of these genes, TEP I, TEP3, and TEP4, are already known to be
differentially upregulated in response to bacterial and parasite infections. RNAi knockdown of rEP I in cultured mosquito cells demonstrated that TEP I promotes phagocytosis
of bacteria (Levashina et al., 200 I). Similarly, in adult mosquitoes, TEP I knockdown leads to impaired phagocytosis and
consequent over-proliferation of both Gram+ and Grambacteria. Significantly, the prevalence of Plasmodium infection
in these loss-of-function mosquitoes reaches 100%; a dramatic increase in mean numbers of oocysts per mosquito
midgut is also found. In combination with the observation
that TEP I is detected on the parasite surface these data indicate that TEP I recognizes the parasite and activates immune
responses that result in parasite killing. In support of this, in
L3-S mosquitoes, TEP I knockout abolishes parasite killing
and melanization, completely reverting the refractory phenotype.

Melanization: the dark side of
immunity
The enzymatic process of melanotic encapsulation involves
the activity of phenoloxidases (PO) synthesized as inactive
precursors (PPOs) in hemocytes, which constitute the cellu186 - - - - - - - - - - - - - - - - - - - - - - - - - -
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Figure 3. MALDI-TOF MS analysis and survival rates upon bacterial infection in defensin gene knockout mosquitoes. Mosquitoes were
challenged with a mixture of E. coli and S. aureus, and 36 h later the presence of Defensin peptide was detected by MALDI-TOF MS
analysis in the hemolymph of control dsGFP mosquitoes (A), but not of dsDEF mosquitoes (B). Survival rates (%) of dsGFP-treated mosquitoes (C) dsDEF-treated mosquitoes (D) were determined after injection of PBS (green), E. coli (blue), M. luteus (red) or S. aureus
(black) are shown. Each experiment was performed with 50 mosquitoes for each control or bacterial species. The results shown are representative of three independent experiments.

lar component of the insect immune defense (Muller et al.,
1999). The A. gambiae genome encodes 9 PPOs that display
differential expression profiles. For example, PP07 and
PP08 are expressed only in larval stages, at a rather low
level, whereas PP09 is adult-specific and is transcriptionally
induced upon blood meal. Upon stimulation, PPOs are activated by serine proteases displaying trypsin specificity. At
least I I potential PPO-activating serine proteases are present in the Anopheles genome.The role of each PPO and their
potential activation enzymes in parasite melanization are
currently being investigated via RNA knockout in vivo.
Regulation of the melanization cascade is further served by
serpins (SRPNs). Most SRPNs are irreversible inhibitory substrates for proteases, often but not exclusively of the serine
class. The mosquito genome encodes 14 SRPNs, 10 of which
have sequence features that identify them as inhibitory.Three
of these genes form an orthologous group with a Drosophila
gene, which is involved in control of melanization; thus they
are potential modulators of PPOs. Another interesting
member of the family is the intracellular SRPN 10, which has
four isoforms with distinct inhibitory specificities (Danielli et

al., 2002). Notably, two of these isoforms are greatly upregulated in midgut cells during Plasmodium invasion. Upon
ookinete penetration SRPN lOis translocated from the
nucleus to the cytoplasm of the invaded cells. Subsequently,
while the invaded cell is expelled from the epithelium into
the midgut lumen, SRPN lOis over-expressed and accumulates throughout the cell. Concomitantly, chromatin condensation occurs, and eventually the nuclear organization of the
invaded cell is completely lost. Serpins are currently used as
markers to study the ookinete invasion process.

A green parasite to monitor the
mosquito midgut - parasite
interactions
The above-mentioned cellular and functional studies of
midgut epithelium invasion were greatly facilitated by the use
of a fluorescent transgenic parasite. It was created by stable
chromosomal integration of a transgene expressing GFP
gene under transcriptional control of an ookinete-specific
gene promoter. GFP expression in the transgenic parasite is
detected in early ookinetes, and fluorescence is retained
187 - - - - - - - - - - - - - - - - - - - - - - - - -
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until the late oocyst stage, thus allowing monitoring of
midgut invasion as well as oocyst development. Data
obtained by real time in vivo imaging clearly illustrate the parasite passage through the epithelial cells during the invasive
process, and also support current hypotheses that implicate
apoptosis in the response of the invaded cells.

The mosquito's role in determining
malaria transmission rates in Africa
These powerful methods have enabled the in depth study of
parasite transmission in laboratory mosquito strains, and in
particular, in a genetically selected strain that shows complete refractoriness to the parasite. Does this genetic variability in parasite susceptibility have any relevance to polymorphisms in natural malaria populations? Strong evidence
favoring a positive answer was obtained in a collaborative
field-based genetic study in West Africa (Niare et al., 2002).
A genome-wide survey detected two segregating resistance
alleles, Pfin I and Pfin2, which confer significant differences in
P. falciparum oocyst number between pedigrees of isofemale
mosquito families established in the field. This indicates that
natural A. gambiae populations exhibit significant variation in

A

permissiveness for parasite development, and also suggests
that malaria parasites exert a significant selective pressure
on vector populations.
However, the transmission of malaria has an even higher
order of complexity. Relatively recently entomologists realized that A. gambiae is in fact a complex of morphologically
indistinguishable species and sub-species having various ecoethological characteristics, including diverse vectorial capacities for disease transmission.To better understand the interrelationship between these species and their impact on
malaria transmission, a reference set of microsatellite markers was used to distinguish molecular variation between four
members of the species complex (A. gambiae,A. arabiensis,A.
merus and A. melas) and other, sub-species taxonomic units.
This work made clear that phylogenetic diversification is not
uniform across the genome; possibly not even unidirectional. For example, overall, A. gambiae is closest to A. arabiensis
in the autosomes, but shows greater similarity to A. merus in
the region of a well characterized X chromosomal inversion.
Our data also support the idea of rapid incipient speciation
that affects the epidemiology of malaria in Sub-Saharan Africa
(Wang et al., 200 I).
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Figure 4. Protein sequence comparison and chromosomal distribution of the TEP gene family. (A) Phylogenetic tree based on complete
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Anopheles paralogs are connected with brackets. Putative haplotypes are shaded in gray. Superscript symbols after names indicate that
the thioester motif is (*) present, (0) absent, or (?) unknown; p, partial sequence.
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The activities of the Sequence Database Group
in 2002
Group and team leaders: RolfApweiler (Head of Sequence Database Group), Rodrigo Lopez (Head of External
Services), Nicole Redaschi* (Head of Database Applications), Peter Stoehr (Head of Database
Operations), Weimin Zhu* (Head of Database Applications)
Coordinators:
Wolfgang Fleischmann, Henning Hermjakob, Michele Magrane, Maria-jesus Martin, Nicola
Mulder, Claire O,Donovan, Manuela Pruess, Mary Ann Tuli
Senior software engineers: Giovanni Asproni, Tim Christmas,Alexander Fedotov, Rob Harper,Alexander Kanapin, Carola
Kanz, Paul Kersey, Ernst Kretschmann, Rasko Leinonen, Chris Lewington*, Renato Mancuso,
Sharmila Pillai*,jitka Sengerova, Thangavel Alphonse Thanaraj, Lichun Wang
Software engineers:
Daniel Barrell, David Binns, Sergio Contrino*, Michael Darsow, Ujjwal Das*, Rodrigo
Fernandez*, Federico Garcia Diez,Andre Hackmann*, Nicola Harte, Vincent Le Texier*, Quan
Lin, Vincent Lombard,Adam Lowe,john Maslen*, Peter McLaren*, Lorna Morris, Sugath Mudali,
Francesco Nardone,john O,Rourke, Emmanuel Quevillon*,Astrid Rakow*,jean-jack Riethoven,
Kai Runte, Florence Servant, Ville Silventoinen, Rupinder Singh Mazara*, Katerina Tzouvara,
Allyson Williams, Dan Wu
Web developers:
Asif Kibria, Gulam Patel*, Stephen Robinson
Database administrators: Olalekan Oyewole, Muruli Rao*
Senior database curators: Wendy Baker, Evelyn Camon, Kirill Degtyarenko,john Garavelli*, Maria Garcia Pastor, Tamara
Kulikova
Database curators:
Philippe Aldebert, Nicola Althorpe*, Kirsty Bates, Margaret Biswas*, Paul Browne, Guy
Cochrane*, Ruth Eberhardt*, Nadeem Faruque*, Gillian Fraser, Youla Karavidopoulou, Maria
Krestyaninova, Kati Laiho, Minna Levaslaiho, David Lonsdale*, Michelle McHale*, Virginie
Mittard, Sandra Orchard, Sandra van den Broek, Robert Vaughan, Eleanor Whitfield
PhD student:
Evgenia Kriventseva*
Data assistants:
Yvonne Allen, Karyn Duggan,Astrid Fleischmann
Administrative assistant: Margaret Shore-Nye
*Indicates part of theyear only

This report covers the activities of the EBI teams, which have
in common that they are collecting biological data related to
protein and nucleotide sequences, store the data in databases, redistribute the data to the scientific community, and
offer text-and sequence-based services to mine the data. To
enhance productivity and avoid redundant work in the former separate groups the "SWISS-PROT/TrEMBL/lnterPro
Group" (headed by Rolf Apweiler), the "EMBL Nucleotide
Sequence Database Group" (headed by Peter Stoehr and
Gunter Stosser), and the "Database and Software
Development Group" (headed by Peter Stoehr and Weimin
Zhu/Nicole Redaschi have merged since October 200 I to
the "Sequence Database Group."
The main activities of the Sequence Database Group are,
under the strategic direction of Rolf Apweiler and Peter
Stoehr, the EMBL nucleotide sequence database, the SWISSPROT + TrEMBL protein sequence database, and a range of
databases around these two core resources. Nicole
Redaschi, and now her successor Weimin Zhu, take care of
the technical management of the database and software
development. This report will focus mainly on the protein

related databases, since Gunter Stosser will describe the
EMBL nucleotide sequence database in detail in a separate
report. External service aspects of the sequence database
group activities are described in the report of Rodrigo
Lopez, team leader of EBI External Services.

SWISS-PROT and TrEMBL
SWISS-PROT (O'Donovan et 01., 2002; Apweiler, 200 I;
http://www.ebLac.uk/swissprot/) is a protein knowledgebase,
maintained collaboratively by the EMBL-EBI and the Swiss
Institute of Bioinformatics (SIB), with extensive annotation,
which means the combination of extracting experimentally
verified information from the literature with sequence analysis to add as much reliable and up-to-date information as
possible about properties like function(s) of the protein,
domains and sites, catalytic activity, cofactors, regulation,
induction, subcellular location, quaternary structure, diseases
associated with deficiencies in the protein, the tissue specificity of a protein, developmental stages in which the protein
is expressed, pathways and processes in which the protein
may be involved, similarities to other proteins, and so on.
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Ilntl!fPrO Entry IPRO02443

Na·K-CI co-transporter family

The Na· - ,I co-!t'anspot1ers ara a family or integral membrane luotelns that are ublqUitousl\, expressed In ,'ifW _"I tl sues, selving a variety of function . In
cells of Cf' absorptll/e .wld or secretotY epithelia, N.H -CI co-transport serves as the major CI' entti' pathway, and functions In concert Ifolill1 other membrane
Ion channels nd pumps to carry out net !ranseplth lial rnov ment of salt Ttlis vEctorlaltr nsport of I- across epltheli, Is in,,!)lv d in the reabsorption of s, II
in
kidney (which i crucial for urinary concentration), and in the secretion of sail in such Ii 'sue as the !.lli!!'!!!rL<lhan intestine and trachea In
addition, Na-K-CI co-transport Is known to playa role in cell volume regulation In most lfIfjmrn.!ll,il cellll'pes. The pr I ins madi Ie the coupled,
electroneulral transport of sodium, poms ium and chloride ions across the plasma membran of cell (wilh a stolchiomelrv of1:1 :2, respectivelyj
Co-transport or all three Ions is obligalory, sine absence Of one Is sul'ficienllo pr vent ion movement. ThelrlransPol1 a tivllydo s not altar Iha cell's
is determined solely by the chemical gradients ofthe Ihree transportecl ions; hence. under normal

I

Recent molecular studies have iden@ed two distinct isoforms. one from CI' secretotY epithelia, NKCC1; and <mother, NKCC2, found spedficallv in the
dllul1ng segment ofthe' t>rtehrrill. kidney, <I CI' absorptive epithelium (1). They how fowish amino acid sequence Identity
nevertheless, they have
rather similar twdropathy profiles, with hydropt,i!lc N- and C·termlni, flanking a central hydroptlobJe domain. Their N·termini show considerable variation,
unlike the central domain (containing the 12 putative transmembrane (TM) domains) and their C-termini, which are well conserved (-70%), 80lh Isoforms are
known 10 be glyco ylated and, consistentwith tllis, consensus sites for N-Ilnked glycos\llatlon are located within the large hydraphHlc loop between presumed
TM domains '7 and 8. Sequence comparisons with olher clonecl ion co-transporters reveals that Na·K-CI co-lranspol1ers belong to a supEHfamlly of
electroneutrai cation-crllollde co-transporters, wt'llth includes tM K- co-transporter I RlL.J"t75) and the thiazide-sensitive Na-Cl co-transporter, All share a
similar predicted m mbrane topology of12 TM regions in central hydrophobic domain, together with hydrophilic N- and C-termini that are likely cytoplasmic
n inherited kidne'y

Examples
References

of an /nterPro
entry for the Na-K-C/ co-transporter
family

Figure I. Examp/e

SRS servers (http://srs6.ebLac.uk/, http://www.expasy.org/
srs5/) of EBI and SI B.

Cross-references are provided to other sequence databases
as well as to specialized data collections. Currently, there are
cross-references to more than 40 different databases, and

SP-ML

this allows users to access a large amount of additional information related to a particular protein. SWISS-PROT release

In addition to the distribution of SWISS-PROT and TrEMBL
in SWISS-PROT f1atfile format and FASTA format, we are
currently developing SP-ML, a SWISS-PROT XML schema
(http://www.ebLac.uk/swissprot/SP-ML/). In addition to providing an easily and reliably parsable version of SPTR contents, we will use the SP-ML format to publish additional
information, in particular GO associations and evidence tags.
These additional data items would represent major changes
to the SWISS-PROT flatfiles format and would be likely to
cause problems for existing software. Therefore SWISSPROT will make this additional data only available in the new
XML format for a transitional period.

40.38 (December 2002) contained more than 102000 annotated sequence entries from more than 7000 different
species.
TrEMBL consists of entries in the same format as those in
SWISS-PROT that are derived from the translation of all
coding sequences in the EMBL nucleotide sequence database
(Stoesser et a/., 200 I) and that are not in SWISS-PROT
already. Unlike SWISS-PROT entries, most of those in
TrEMBL are awaiting manual annotation. Rather than just
represent basic sequence and source information, we developed methods for the automated large-scale functional

UniProt

annotation of proteins in TrEMBL (Fleischmann et aI., 1999;
Kretschmann et a/., 200 I), which enable us to improve the

A major change in the way we operate SWISS-PROT and
TrEMBL will be facilitated by a significant NIH grant we
received in September 2002. This grant finances the creation
of the United Protein Databases (UniProt) by incorporating
PIR into the collaboration between SIB and EBI to maintain
protein databases. The broad, long-term objective of the
UniProt can be summarised as the creation, maintenance and
provision of a stable, comprehensive, fully classified, richly
and accurately annotated protein sequence knowledgebase,
with extensive cross-references and querying interfaces. The

annotation of around 30% of all TrEMBL records.
TrEMBL release 22.7 (December 2002) contained around
729000 sequence entries from more than 50000 different
species. Automatic translations of all coding sequences from
EMBLnew, which are not yet contained in SWISS-PROT or
TrEMBL, are produced as TrEMBLnew and released weekly,
together with updated SWISS-PROT and TrEMBL work
releases, via the FTP sites (ftp://ftp.ebLac.uk/pub/databases/
sp tr nrdb/, ftp://ftp.expasy.org/databases/sp tr nrdb/) and
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Graphical match display legend
The table below shows the colour codi ng used in the
graphical match display The e ent of the bars denotes
the region on the protein sequence that the selected
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work will be built upon solid foundations laid by the three
UniProt consortium members, SWISS-PROT and TrEMBL at
the European Bioinformatics Institute (EBI) and the Swiss
Institute of Bioinformatics (SIB), and the Protein Information
Resource (PIR) at Georgetown University Medical Center
and National Biomedical Research Foundation.

... 1

Figure 2. Example of graphical view of protein matches for InterPro entry IPR000803,
showing the legend for the figure.

signatures from the same and other InterPro entries. The
proteins can also be viewed graphically in a condensed view,
which computes the consensus domain boundaries from all
signatures within each entry, and splits the protein sequence
into different lines for each InterPro entry matched.
The InterPro database is available via text or sequence
searches. The sequence search package, InterProScan
(Zdobnov et 01., 200 I) combines the search methods from
each of the databases into a single package and provides an
output with all results in a single format. In this way,
researchers can submit their sequences using a web interface and obtain results of hits in InterPro in both a graphical
and tabular view. Groups requiring confidentiality or bulk
sequence searches may download a Perl stand-alone
InterProScan package, which can be run locally. The results
will give an indication of what family the unknown protein
belongs to, and its domain composition. For more information the user can read about related proteins or the protein
family in the annotation of the InterPro entries it hits.

InterPro
Signature databases have become vital tools for identifying
distant relationships in novel sequences and hence for inferring protein function.lnterPro (Mulder et 01.,2003) is an integrated documentation resource for protein families, domains
and functional sites, which amalgamates the efforts of the
PROSITE (Hofmann et 01., 1999), PRINTS (Attwood et 01.,
2000), Pfam (Bateman et 01., 2000), ProDom (Corpet et 01.,
2000), SMART (Ponting et 01., 1999), and TIGRFAM (Haft et
01., 200 I) projects. Each InterPro entry includes a functional
description, annotation, literature references and links back
to the relevant member database(s). Release 5.3 of InterPro
consists of 6,725 entries encoded by I 1,845 different signatures matching 643,312 of 850,953 (76%) SWISS-PROT +
TrEMBL protein sequences. Each entry (Figure I) contains
one or more signatures from the individual member databases which all describe the same group of proteins. For
example, all Prints fingerprints, Prosite patterns and profiles,
ProDom domains, and Pfam, SMART and TIGRFAMs HMMs
that provide diagnostic methods for identifying the same
domain within protein sequences are grouped together in a
single InterPro entry. All entries contain an abstract, which
provides annotation about the proteins matching the entry.
Each entry contains a list of precomputed matches against
the whole of SWISS-PROT + TrEMBL.The match lists may be
viewed in a tabular form, which lists the protein accession
numbers and the positions in the amino acid sequence
where each signature from that InterPro entry hits. The
match list can also be viewed graphically, in which the
sequence is split into several lines, one for each hit by a
unique signature (Figure 2). This view includes the hits by all

InterPro not only provides a valuable tool for researchers to
classify and characterize their own sequences, but also provides a means of grouping proteins by classification and in
many cases function. This grouping of proteins through diagnostic signatures from the member databases forms the
basis for automatic annotation procedures in protein annotation and genome analysis (Biswas et 01., 2002).

CluSTr
The CluSTr (Clusters of SWISS-PROT + TrEMBL proteins)
database (Kriventseva et 01., 2003 a,b; http://www.ebLac.uk/
c1ustr) offers an automatic classification of SWISS-PROT +
TrEMBL proteins into groups of related proteins. The clustering is based on the analysis of all pair-wise comparisons
between proteins using the Smith-Waterman algorithm.
Statistical significance is estimated using Monte-Carlo simulation resulting in Z-scores. Analysis carried out at different
levels of protein similarity yields a hierarchical organisation
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General infonnation
&thy name

IPIOOOOOOOS

Accession number IPIOOOUOOOS.I
Created

IPlRel. 2.0, 1-0CT-20m

Sequence update

IPlRel. 2.0, 1-0CT-20m

Desrription and origin of the Protein
Description

TRANSFORMING PROTEIN N-RAS.

Organism source

Homo sapiens (Human).

Taxonomy

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi; Mammalia; Eutheria; Primates; Catarrhini;

NCBI TaxID

9606

COmDlents
CHROMOSOME

1.

Database rross-referenres
IPR003577; GTPase_Ras.
InterPro

IPROO 1

Ras_trnsfrrnng.

IPR005225; Sma1tGTP.
Pfam

PF00071; res; 1.

PRINTS

PR00449; RASTRNSFRlvING.

SMl'.RT

SM00173; RAS; 1.

ENSEMBL

ENSP00000261444; ENSG00000009307;-.

HUGO

7989;NRAS;-.

LocusLink

4893; NRAS;-.

SWISS-PROT

POll11;RASN_HUMAN;M.

REFSEQ_NP

NP 002515; GI:4505451;-.

Figure 3. Example of IPI entry IPI00000005

of clusters. Working with clusters at different levels of similarity enables biologically meaningful clusters to be selected
for different groups of proteins, which greatly increases the
flexibility of the database.
Links to the InterPro graphical interface allow users to see
whether proteins from a cluster share the same domain
architecture. Analysis of a cluster domain composition is
even more apparent with a condensed graphical view, which
shows a single representative for proteins with exactly the
same domain architecture.

The Proteome Analysis Database
The Proteome Analysis Database (Apweiler et al., 200 I;
http://www.ebLac.uk/proteome) aims to prOVide proteome
sets for whole genomes with comprehensive statistical and
comparative analyses. The statistical and comparative analyses integrate information from a variety of sources that
include InterPro, CluSTr, and GO as well as structural infor-

mation derived from the HSSP and PDB databases. Together
they facilitate classification of the proteins in the complete
proteome sets.The proteome sets are built from the SWISSPROT and TrEMBL databases that provide the reliable wellannotated data necessary for the analysis. Proteome analysis
data are available for all the completely sequenced organisms
present in SWISS-PROT + TrEMBL, and spans archaea, bacteria and eukaryotes. Currently (December 2002), there are
104 complete proteomes in the database.
The Proteome Analysis Database allows a variety of ways to
query and compare proteome composition, and the combination of both structural information and functional classification provides an in depth perspective on domain structure
and function, gene duplication and protein families in different genomes. An accompanying program has been designed
to carry out InterPro-based proteome comparisons for any
combination
of
proteomes
in
the
database
(http://www.ebi.ac.uk/proteome/comparisons.html)
(Kanapin et al., 2002).Thus, systematically conserved proteins
that are likely to have orthologs across species and be
involved in a common core biology can be identified while
conserved families that are missing in a given genome or
proteins unique to a particular species that may well define
the species can be investigated.

International Protein Index
The
International
Protein
Index
(IPI)
(http://www.ebLac.uk/IPI/IPlhelp.html) provides a top-level
guide to the main databases that describe the human proteome namely, SWISS-PROT, TrEMBL, RefSeq and EnsEMBL.
IPI maintains a database of cross-references between the primary data sources with the aim of providing a minimally
redundant yet maximally complete set of human proteins
(one sequence per transcript). Stable identifiers (with incremental versioning) are maintained within IPI facilitating the
tracking of sequences between IPI releases.
IPI is produced automatically by mapping between the different datasets on the basis of protein similarity. Each IPI entry
consists of a cluster of related entries from the constituent
databases, together with a sequence and a description line
taken from a master entry.This data are presented in FASTA

Table I. Association of GO terms to proteins in SWISS-PROT and TrEMBL.

Associations

Proteins

IEA:IPRO

I 244 525

413 379

IEA:SPEC

164413

72 521

IEA:SPKW

I 012 768

368 328

IEA:Total

2 415 659

517 152

Non-lEA

36 956

10 215

2 464 507

522 844

Evidence code

Grand Total

IEA:IPRO = Electronic associations made using InterPro to GO mapping (interpro2go); IEA:SPEC = Electronic associations made using
Enzyme Commission (EC) numbers to GO mapping (ec2go); IEA:SPKW = Electronic associations made using SWISS-PROT keyword to
GO mapping version 3.3 (spkw2go); IEA:Total =All electronic associations made using interpro2go, ec2go, and spkw2go; Non-lEA =
Manual associations made by biologists; Grand Total = Total number of associations made using all methods
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format. IPI is also available in SWISS-PROT format. A sample
IPI entry is shown in Figure 3. The data in SWISS-PROT format contains additional cross-references linking IPI to GO,
HUGO, LocusLink and InterPro, and identifies the chromosome on which the gene encoding each IPI entry is found.

GOA
GOA (GO annotation@EBI) is an EBI project that aims to
provide assignments of terms from the Gene Ontology
(GO) resource (Gene Ontology Consortium, 2000) to the
gene products in a number of its databases
(http://www.ebLac.uk/proteome/goa/goaHelp.html). In the
first stage of the GOA project, this vocabulary has been
applied to a non-redundant set of proteins described in the
SWISS-PROT, TrEMBL and EnsEMBL databases that collectively provide the human proteome, by a combination of
electronic mapping and manual curation. GO assignments
are also being applied to non-redundant proteome sets for
all other organisms and also to proteins from a wide range
of organisms where the proteome is not yet complete.
Adhering to the GO Consortium's format for seamless data
transfer, the first objective was to create a framework in
which to implement and store GO annotations across our
various databases.To retrofit the assignment of GO terms to
SWISS-PROT and TrEMBL data, existing flatfile properties
(keywords, Enzyme Commission (EC) numbers) were manually mapped to high level GO terms.These mappings, in addition to InterPro to GO associations, were electronically
transferred to a table of matching SWISS-PROT and TrEMBL
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proteins. Once the large-scale electronic mapping phase had
been completed, the next step in the assignment of GO
terms to SWISS-PROT and TrEMBL was the manual assignment of terms to a SWISS-PROT/TrEMBL/EnsEMBL nonredundant human proteome set.The GOA effort was a great
success and is responsible for over 2 million GO term
assignments to more than 500 000 proteins (Table I).
The assignments to this set were based initially on abstract
information. GO terms from each of the three ontologies
were assigned to each entry in the set, using the GO evidence codes as described at http://www.geneontology.org/
GO.evidence.html. During this initial manual annotation
phase, a large number of new GO terms were requested by
the SWISS-PROT and InterPro curators, thus extending the
coverage of GO and increasing its usefulness in the analysis
of human proteins.Together, these assignments represent the
first stage of the GOA project at EBI, released in November
200 I. For each association, cross references to SWISS-PROT:
TrEMBL, EnsEMBL and GO are provided and evidence for its
annotation presented according to GO's evidence codes.
These entries are currently being revisited so that complete
references for each entry can be read and additional or
deeper level GO terms can be assigned.
The EBI is already contributing to many functional studies by
updating and distributing our GO mappings and associations
via the EBI FTP server, QuickGO browser, Sequence
Retrieval System (via GO, GOA and InterPro databases),
Proteome Analysis pages (via GO Slim) and GO home page
(via a 'gene association file').
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Ensembl, one of the leading ways to analyse and view metozoan genomes, continue to grow in species, functionality and
accuracy over 2002. 2002 saw the publication of the
Anopheles Genome in September and the Mouse Genome in
November where Ensembl was a major player, in particular
for the gene prediction. Ensembl's long standing annotation
of human also continued with 3 releases over 2002 and an
commitment to the finishing and maintance of human
genome annotation.
The mouse genome was one of the major efforts in genome
science this year, and Ensembl was officially part of the
Mouse Genome Sequencing Consortium which is the steering body for the genome sequencing. In the analysis of the
mouse genome, the Ensembl gene build was taken as the primary gene analysis unit, from which a number of new features were discovered, in particular the sense of the recent
evolution in the rodent linnage compared to primates. Also
of interest was the high number of pseudogenes present in
mammalian genome (work done in partnership with the
Bork group at EMBL Heidelberg) and the variable conservation of gene structure across different genes. This tour de
force of genome analysis is we hope a template for future
genomes emerging.
The anopheles genome presented very different challenges;
first it was our first non vertebrate genome, and the computational pipeline had to be retuned to fit this case. Second
it was a highly polymorphic genome so many aspects of the
genome assembly and SNP calling had to be carefully check
and rethought, work we did in collaboration with Celera
Genomics and Notre Dame university. Thirdly, and perhaps
most interestingly for us, we were nominated as the principle informatics group maintaining and curating the Anopheles
genome, a position we had not taken on before.We are cur-
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rently working closely with the Kafatos group in Heidelberg
and the wider Anopheles community to ensure that this
important genome is utilised in the fight against Malaria.
The technology behind Ensembl has also improved. As in
every year we developed new tools for gene prediction, in
particular the EST only Gene Building system built by
Eduardo Eyras in the Ensembl group at Sanger under the
direction of Michele Clamp. This system used a new algorithm called "Genomewise" to provide the final polishing of
gene calls. On the EBI Ensembl side, a flexible intuitive data
mining web tool, called "Ensembl Mart" was developed
(www.ensembl.org/Homo sapiens/martview)
by Arek
Kasprzyk in the EBI group and others, which provides far
more functionality held in the Ensembl database to users.
Abel Ureta-Vidal at the EBI developed our comparative
genomics framework which provides genome to genome
comparisons. The helpdesk at Ensembl has also answered
over 300 detailed questions posted on the web and run 5
different courses, including ones in Europe, and over 2003
we will be visting both Meidelberg and Monterondo to provide courses there.
Research is also occuring in the Ensembl group. Laurence
Ettwiller, a predoc, recently submitted a paper on the discovery of cis-regulatory motifs in yeast, which we hope to
extend to other genomes. Guy Slater's algorithmical work
has been extended into a impressive package, exonerate, for
dynamic programming algorithms, and Ewan Birney has been
working on pseudogene prediction and promoter sequence
alignment. Imre Vastrik has been making great progress on
the "genome knowledgebase", an ontology based environment to represent basic molecular biology understanding,
which we hope to have a big impact in 2003.
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The team works in three major directions:
I. establishing a public repository ArrayExpress for microarray data,
2. coordinating the establishing of international standards for
microarray data, and
3. research on gene expression data and gene network analysis.

Development of the public
repository for microarray data
ArrayExpress
For ArrayExpress 2002 was the major breakthrough year.
The repository development and curation team grow from
four to twelve members. Consequently, the training of the
staff was a major activity, while at the same time three major
developments of ArrayExpress tools have been completed
and the database is now populated with first large datasets.
The prototype version of ArrayExpress is online since
February 2002.
The ArrayExpress infrastructure consists of the database
itself, an online data submission tool MIAMExpress, online
database query interface, and the Expression Profiler analysis tool. ArrayExpress accepts three types of submission,
experiments, protocols and arrays, each of these is assigned
an accession number. Help on data submission and annotation is provided by the curation team. The database can be
queried on parameters such as author, laboratory, organism,
experiment or array types. New database implementation
has been released in December, implementing the full
MAGE-OM standard (see below). The database is accessible
from www.ebLac.uk/arrayexpress.
Production version 1.0 of the web-based data submission
tool MIAMExpress is operational since I December 2002.
MIAMExpress is a web-based tool, which allows users to
annotate the submission either during, or upon the completion of the experiment. The current MIAMExpress Version
1.0 is a generic annotation tool, suitable for annotation of
any microarray gene expression experiment, irrespective of
organism or type. To use MIAMExpress users need only an
internet browser. The user creates an account and is pre-

sented with a series of web forms, which include a combination of drop-down fields (with appropriate controlled vocabularies) and free format text fields, to annotate the experiment. Tab-delimited data files are uploaded from the user's
local computer and linked to the experiment submission.
Arrays and protocols can also be submitted via
MIAMExpress and can be linked to multiple experiments.
Help is available from the curation team throughout the submission and contextual help is provided within the interface.
Throughout the submission process the data are stored in a
submission database and are subsequently curated and then
exported to ArrayExpress.
Arrays, experiments and protocols in ArrayExpress can be
queried by their accession numbers and also by a variety of
parameters. For example, experiments can be queried on
various parameters including author, laboratory, organism,
experiment type (e.g., time series), experimental factors
(e.g.., compound), and details of the array used in the experiments (e.g., array manufacturer). On querying, a brief
description (provided by the submitter) of all entries matching the query is returned. Complete information can be
retrieved by selecting particular items from this list. A
browsable list of the database content is also present in the
query interface.
As of December 2002, the ArrayExpress database contains 8
experiments (total of over 100 hybridisations), for yeasts
Sacharomices Cerevisiae, Sacharmomices Pombe, and Homo
Sapiens from EMBL and the Sanger Institute.
The first version of the data curation tool, allowing the
ArrayExpress curation teem to process data submissions
more efficiently has been developed and is operational since
December.
The team is also actively participating in projects to populate
the database with useful high quality datasets. The goal of the
toxicogenomics project is the establishment of a database
for toxicogenomic gene expression data generated by ILSI
Health and Environmental Sciences Institute (HESI). ILSI
HESI is a public, non-profit scientific foundation with branches throughout the world, providing an international forum to
advance the understanding and application of scientific issues
related to human health, toxicology, risk assessment and the

- - - - - - - - - - - - - - - - - - - - - - - - - 202 - - - - - - - - - - - - - - - - - - - - - - - - - -

EBI Hinxton

environment. The experimental studies will be consistently
annotated according to the requirements of the Minimum
Information About a Microarray Experiments (MIAME) and
integrated with other relevant information. Data will be
hosted in ArrayExpress, the public repository for microarray
gene expression data, and supported by a customized query
and data analysis interface. The team has developed toxicogenomics specific version of data submission tool to
accomplish these tasks.
During the last year Expression Profiler (EP) - the online
gene expression data analysis tool - underwent internal
redesign, which included addition C?f several research-oriented features. To bring EP in line with existing open standards,
all graphic routines were modified additionally improving the
speed of the heat-map drawing algorithm twofold.
Customisable, persistent palettes for heat-map visualisation
were added. A probabilistic cluster ranking feature allowing
to make judgments about clustering results on the basis of
cluster coincidence with GO classes was added. A thorough
rethinking of the basic philosophy and design of EP has been
underway, touching the areas of the user interface and
underlying structure. The underlying design of Expression
Profiler is moving towards a modular project-based paradigm. To support this, an underlying database is being
designed (user database and registration has been completed so far) to move EP from flat-files to an RDBMS. XSLT/Perl
component rendering modules have also been prototyped
for the XML component model that is being implemented.
An installation package has been created and is being made
available for beta-testing, and some documentation is availFigure I. The visualisation

of yeast gene deletion

able as a chapter in a soon-to-be-printed book and as a preliminary manual. A third-party algorithm, SOTA, was integrated into EPCLUST, and better ways of integrating
Expression Profiler and ArrayExpress are being designed.

Coordinating of the international
effort for microarray data
standardisation
The Microarray Gene Expression Data (MGED) Society is an
international organisation of biologists, computer scientists,
and data analysts that aims to facilitate the sharing of
microarray data generated by functional genomics and proteomics experiments. MGED was founded at the European
Bioinformatics Institute (EBI) in November 1999 as a grass
roots movement (Brazma et aI., 2000) by many of the major
microarray users and developers. MGED became an official
non-profit organization in May, 2002. Two members of the
EBI Microarray Informatics team - A. Brazma and H.
Parkinson are on the board of MGED directors, while Ugis
Sarkans is an active member of one of the working groups.
The definition of two major standards was completed in
2002 with active participation of the EBI.
MIAME - Minimum Information About a Microarray
Experiment (www.mged.org/miame) - a document which
outlines the minimum information that should be reported
about a microarray experiment to enable its unambiguous
interpretation and reproduction was published in Brazma et
al., 200 I. Based on this position paper, MGED developed a
checklist detailing the data elements that must be revealed

network.
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with a microarray publication, which is now accepted by
many of the major scientific journals (Ball et aI., 2002, a,b;
MGED, 2002). See also Nature, 2002; DeFrancesco, L. (2002
a,b).
The second data standard finished in 2002 is Microarray
Gene Express (MAGE) standard. MAGE consists of three
parts: An object model (MAGE-OM), a document exchange
format, which is derived directly from the object model
(MAGE-ML), and software toolkits (MAGE-stk), which seek
to enable users to create MAGE-ML (see Genome Biology
(2002),3, research0046.I-0046.9). ArrayExpress database is
the first implementation of this standard.

works is meaningful, genes involved in the same cellular
processes are close together in the network.
In Palin et 01., we investigate how much gene expression regulation can be attributed to the presence of various binding
sites in the gene promoters by correlating the binding sites
and the changes in gene expression resulting from gene disruptions (e.g. knockouts). We developed a data analysis
method for comparing mRNA measurements of gene disruption experiments with information about gene promoters. The method was applied to a well-known dataset to
uncover correlations between known transcription factor

Research gene expression data and
gene network analysis

binding site motifs in the upstream regions of all S. cerevisioe
genes and the gene expression changes in various gene disruption experiments. The possible explanations of the cor-

Four major research projects were completed and published
in 2002 - correlating gene expression profiles with proteinprotein interactions (Kemmeren et 01., 2002), study of the
architectural properties of genome scale yeast gene disruption networks (Rung et 01., 2002), correlation of the yeast
gene disruption networks with transcription site binding
locations (Palin et 01., 2002), and using a machine learning
approach for gene network reconstruction from microarray
data (Soinov et 01., 2002).

relations were categorized and analyzed using e.g. expression cascades. Several correlations turned out to be consistent with existing biological knowledge while some new

In Kemmeren et 01., a collections of microarray expression
data were applied to assess the quality of different highthroughput protein interaction data sets. Significant differences were found. Confidence in 973 out of 5342 putative
two-hybrid interactions from S. cerevisioe was increased.
Besides verification, integration of expression and interaction data was employed to provide functional annotation for
over 300 previously uncharacterized genes. The robustness
of these approaches was demonstrated by experiments that
test the in silica predictions made. This study showed how
integration improves the utility of different types of functional genomic data and how well this contributes to functional annotation.
In Rung et 01., (2002), data from microarray experiments
comparing expression levels of all genes in yeast for hundreds of mutants were used to examine properties of gene
regulatory networks on a genomic scale. We have built
genome-wide disruption networks for yeast (Figure I), using
a representation of gene expression data as directed labelled
graphs. Nodes represent genes and arcs connect nodes if the
disruption of the source gene significantly alters the expression of the target gene. We investigated features of the
resulting disruption networks that are robust over a range of
significance cutoffs. The networks show a significant overlap
with analogous networks constructed from scientific literature. In disruption networks the number of arcs adjacent to
different nodes are distributed roughly according to a
power-law, like in many complex systems where the robustness against perturbations is important. The networks are
dominated by a single large component and do not have an
obvious modular structure. Genes with the highest outdegrees often encode proteins with regulatory functions,
whereas genes with the highest indegrees are predominantly involved in metabolism. The local structure of the net-

ones suggest themselves for further study.
One of the most important problems in network reconstruction is finding, for each gene in the network, which
genes can affect it and how. To investigate this problem in
Soinov et 01., we use a supervised learning approach to
address this question by building decision-tree-related classifiers, which predict gene expression from the expression
data of other genes. We present algorithms that work for
continuous expression levels and do not require a priori discretization. We apply our method to publicly available data
for the budding yeast cell cycle. The obtained classifiers can
be presented as simple rules defining gene interrelations. In
most cases the extracted rules confirm the existing knowledge about cell-cycle gene expression, while hitherto
unknown relationships can be treated as new hypotheses.
All the relations between the considered genes are consistent with the facts reported in the literature. This indicates
that the approach presented here is valid and that the resulting rules can be used as elements for building and explaining
gene networks.
In addition to these four projects, we have also finished the
fifth project that explores using gene networks for gene
functional relationship prediction, which has been submitted
to Genome Research.

Organising courses, workshops and conferences SOFG, Industry workshop
The Microarray Informatics team had a major involvement in
organising the conference - Standards and Ontologies for
Functional Genomics - towards common vocabularies for
biology and biomedicine was organised by the EBI and the
Wellcome Trust. The conference was originally proposed by
A. Brazma, H. Parkinson (both Microarray team) and M.
Harris (GO team). In addition to this major conference, we
have also organised a workshop about microarray data analysis for the EBI's Industry partners.
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European Protein Data Bank, ePDB,
data management, deposition,
relational database (eMSD) and
search activities in 2002

databases using a grid service mechanism so that data can be
shared between the different applications.

The European Macromolecular Structure Database (E-MSD)
project is an autonomous service for the management,
organization and dissemination of data about the three
dimensional structure of biological macromolecules to allow
scientists access to 3D data via an integrated interface.

The E-MSD uses a deposition system called AutoDep
(http://www.ebLac.uk/msd-srv/autodep/). New depositions
at the E-MSD are generated by AutoDep and are processed
locally into complete PDB entries. The finished PDB files are
then forwarded to the RCSB for inclusion in the weekly public release. The E-MSD deposition and annotation tools are
designed to implement a consistent approach in the handling
and curation of deposition data. The new version of our inhouse deposition system, AutoDep 3.0, has drastically
reduced the time it takes to complete a deposition; a deposition will typically take 45 minutes, and for 95% of depositions a processed review copy and a report on the processing procedure is sent back to the depositor in less than one
working day and often within a few hours. It has also ensured
that certain mandatory fields defined by the PDB format are
handled in exactly the same way for all new structures that
are deposited with the E-MSD. The annotation of the
deposited entry, which occurs at the post-AutoDep stage, is
difficult to automate fully given the diverse range of structural data that can be deposited with the PDB. However,
using a large set of in-house programs and some third-party
software, many of the mundane tasks in the annotation of
the PDB entry are automated. Despite this, there are many
issues concerning the annotation of PDB entries that need
to be addressed on a case-by-case basis. Specific difficulties
are encountered in getting consistent details for:

The focus of the Macromolecular Structure Database group
is to accept depositions to the Protein Data Bank and the
production of an integrated 3D protein relational database
information system and to provide a service to the scientific community. We have developed an integrated, scalable
informatics infrastructure based upon very well understood
data warehousing technologies.The eMSD data warehouse is
a specialized database schema specifically designed to allow
the large and complex 3D protein structure data to be
searched and cross-correlated rapidly. Tools are being developed alongside the eMSD data warehouse for data-mining
and visualization techniques to identify non-obvious trends
and relationships hidden in the PDB. The eMSD data warehouse is populated by transformation of data from the
source MSD archive/deposition relational databases via a
staging database. The normalized deposition database is
loaded with PDB entries where "data cleaning" is carried out
by applying a variety of checking rules both at the load step
on a per entry basis and by specialized functions applied
globally across the entire PDB collection. These cleaning
steps ensure that the warehouse contains only verified data
with known semantics that can be cross-correlated with
other fields in the warehouse. Additional derived data and
linkages to related databases are also added to the staging
warehouse before the search data warehouse is generated.
Developments are in process to mediate communication
between the eMSD data warehouse and the
CATH, SCOP and pFAM databases. An XML based meta
layer is being designed using a protein domain specific controlling vocabulary for mapping these databases onto a common set of well-defined objects.The metadata are to be used
to control how information is retrieved from each of the

Data harvesting and deposition
activities

• Identification of the Biologically Relevant Assembly
• Taxonomy
• Sequence recognition and cross-reference
• Recognition of secondary structure elements
• Validation of Structures
• Residue Identification
• Hetgroup Identification
• Solvent Handling

- - - - - - - - - - - - - - - - - - - - - - - - - 206 - - - - - - - - - - - - - - - - - - - - - - - - -

EBI Hinxton

• HEADER records:
• Complex hetgroups
• Terminal Residues
• Journal Citations:
• Correspondence:
The concept of data harvesting for macromolecular data
involves the automatic or semi-automatic communication of
relevant data from the software used during structure determination and analysis, to the deposition software. The most
time consuming step in the deposition process for structural data was previously the manual entry of various data fields
required by the PDB format. In order to simplify this task,
Data harvesting was incorporated into the latest release of
AutoDep at the E-MSD for the task of making deposition
simpler and more automated. This approach greatly reduces
the occurrence of typing and cutting/pasting errors, and
allows more information to be archived without placing
additional burden on the depositor and has also simplified
the process of manual annotation of the deposited entries.
In addition to the benefits to the depositor, this approach has
resulted in the generation of a database that is richer in the
volume of data and its accuracy, as well as being more consistent between various PDB entries that are deposited with
harvest files.
Data harvesting and data management work is being undertaken in cooperation with the EU funded SPINE and IIMS
projects, with a BBSRC funded EHTPX project, and with
CCP4 and CCPN. EHTPX is directed to allow structural
biology facilities to be accessed easily by experts and nonexperts. A pipeline system for data verification and transfer
is being developed using GRID technologies, data handling
procedures, expert system development, and high performance computing. The driving force for the developments is
the requirements for high throughput protein crystallography. The MSD group is involved with data model design and
interchange XML dictionary definitions.The IIMS project has
undertaken similar activities in the area of electron
microscopy. Here the aim is to make a logical analysis of the
steps involved in all 3D-EM experiments and results to produce a data model that represents the complete system.The
particular data items and structures that have been characterized are then defined in a physical model dictionary using
mmCIF and XML terms.This data model for 3D-EM experiments has then been integrated into the MSD Oracle
Relational Database containing the PDB structures. A
Workshop promoting Software Development in the field of
High
Resolution
Electron
Microscopy
Structure
Determination was held in Nov 2002. The workshop discussed many of the issues that arise from deposition and the
presentation of the data in a form that will be useful to nonspecialists. For SPINE the MSD group is active both in structural genomics target database design and in data model
development. The MSD group held a data management
workshop in July 2002 that brought together groups working on related projects throughout Europe.
The MSD IIMS efforts have lead to a fully operational
Electron Microscopy Volume map deposition system and

database. A complete meta data description of a 3D-EM
experiment expressed as an XML metadata description has
been defined . See:
• http://iims.ebi.ac.uk/EMD/emd xml vi O.html
schema for EM)

(XML

• http://iims.ebi.ac.uk/EMD/emd v I O.xsd (XML xsd for
EM)
The EM web based deposition system is in production and is
an XML dictionary driven and features:
• Simple, user friendly interface
• Intuitive menu bar
• Help prompts and examples
• Use of images to show a validated entered data item
• "On-the-f1y" validation for most data items
• Uses the latest technologies
• Platform indepedent
• Relational database
The data collected consists of both mandatory and optional
data items.The mandatory data is the 3D- EM maps and the
textual descriptors. The EM data handled includes data from
the methodologies:
• Single particles
• Icosahedral viruses
• Tomography
• Helical assemblies
• 2D-crystals
The deposition system uses Java servlet and tomcat technologies and is available at http://www.ebi.ac.uk/msdsrv/emdep

The MSD relational databases
The EMSD relational database project brings together
diverse ideas and approaches for the searching and use of a
new relational database for macromolecular structure. The
database stores PDB information enriched with procedures
designed to derive important taxonomical, structural and
functional properties. The MSD relational database system is
made up of two main components: the deposition database,
and the search database. Both use Oracle as the database
engine and are designed and managed using the CASE tool
Oracle Designer.
A database is a representation of the real world and changes
in the real world need to be reflected in the database. To
achieve this aim the database design is maintained in the
form of a logical (Entity-Relationship) model, in which entity
subtyping is permitted. This model is validated using both
Oracle Designer tools and programs developed by the MSD
database group, and all relationships are verified and semantically characterized. The logical model is transformed into a
description of the physical implementation of the database
(the Server Model), in which one table implements each root
entity. The design of the core of the relational database in
which deposition information is loaded, curated and validat-
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ed has evolved to expand its knowledge to related areas, to
improve its data precision and to host data originating in the
application of new technologies. Changes are incorporated
in the logical model.The revised model is used to generate a
new server model, from which existing implementations of
the model can be updated in a controlled fashion. The MSD
database uses Oracle Designer/Repository for the entityrelationship (ER) design and the Oracle Designer built in utility Database Design Transformer (DDT) to generate server
models.
The loading of a new PDB deposition (and the load of all the
legacy PDB files) is a process which involves not only the
database schema but also, an mmCI F parser, a database metamodel that maps the different mmCIF (MacroMolecular
Crystallographic Information File) items and categories onto
database views, and a binary dictionary which stores the
semantics of all the structured mmCIF files.These views (and
triggers defined on them) perform the task of maintaining
high-level thematic data integrity and perform some additional calculations.
Before using this schema for the loading of depositions, it is
necessary to provide it with some core reference data,
which is used to look up controlled vocabulary terms during
the database load. Internally we convert PDB files to mmCIFformatted files for database loading. On the server side (i.e.
at the Oracle DBMS), views are written that correspond
closely to mmCIF categories. Almost all of these views are
join views. They have 'instead of' triggers (an Oracle-specific
SQL feature) defined on them, such that an insert operation
will invoke server-side code (which can be written in the
Oracle specific language PL/SQL or in Java) rather than
attempting the insert operation. This code then handles the
actual insertion into database tables. The correspondence
between mmCIF items and categories on the one hand, and
Oracle views and columns on the other, is handled in the
'metadatabase'; this is a small database that is separate from
the deposition database.

package has been developed in PL/SQL as a dynamic generator of other server-side PL/SQL procedures that handle
each mmCIF category independently. The generated procedures extract the information from one or more different
databases and outputs mmCIF or xml files. In addition, the
package permits the use of mmCIF terminology to specify
the set of depositions for export, produces UTL files in the
server, and loads the mmCIF dictionary. The package automatically handles all the hierarchy, relationships, and table
order and manages the correct export of standardized database entries.
Entry replication for updates is carried out with a local
generic algorithm that uses the semantic information contained in the logical model and generates the particular calls
to the table API to duplicate rows in the hierarchically associated tables.
Data quality has a direct effect on the value of the database
and the validity of conclusions or decisions based on it. The
data cleanup operation of the legacy data is a laborious and
important phase of the project since over the years the PDB
collection includes a lot of inaccurate data, and also there has
been some variation in terminology. Cleanup of this type of
data is a difficult, error prone task requiring considerable
thought and discussion to resolve contentious issues. The
MSD has adopted a cleanup strategy of developing sophisticated fuzzy methods that attempt automatic clean up operations that can be checked manually at a later stage. In order
to facilitate the automatic correction process and perform
fuzzy matches with controlled vocabulary data, we have
developed a similarity score algorithm for strings.

The MSD search data warehouse

The order in which data from mmCIF categories is loaded is
also extremely important, since mmCIF data are unordered
within the file. All foreign keys join via surrogate primary
keys whose values are only generated at the time of data
insertion. This means that populating mandatory foreign key
columns in the database from mmCIF data requires that for
virtually all the foreign keys, the table from which the foreign
key is migrated must be loaded before the table that contains the foreign key column. The metadata contains information that specifies the order in which mmCIF categories
are read and inserted into the corresponding views. We use
a modified breadth-first graph traversal of logical and server
models to automatically derive a load order that will not
leave any (mandatory) foreign keys unsatisfied at any intermediate stage of the load. The logical model is partitioned
into deposition data and reference data (complex controlled
vocabulary data). Load order derivation operates independently within each partition.

During the last decade, data warehouse systems have
become an essential component of modern decision support
systems. Data warehouse systems offer efficient access to
integrated and historical data from different, partly heterogeneous and autonomous information sources. The data
within a data warehouse is cleaned, consolidated, aggregated
and accumulated in multidimensional data structures to support direct querying and multidimensional analysis. The MSD
uses such data warehouse technologies to integrate biochemical information data with PDB structure data. Data
warehouses are not just large databases.They are large, complex environments that integrate many different technologies, including extracting, cleansing, and transformation tools.
In the Deposition database normalization is always the golden rule to ensure consistency and data integrity. Query performance can be met by clever design at the application
level.The Deposition database design is rigid and simplicity is
not important; application statements are predefined and will
be carefully written and tuned. For searching normalization
is disregarded in favour of performance and simplicity while
database constraints are not enabled. The search database is
easy to understand and a new user will be able to rapidly formulate efficient ad-hoc queries.

The metamodel stores additional mappings of the database,
for example a mapping to an mmCIF dictionary defined for
information exchange with the parent PDB (RCSB). A local

Denormalisation and hierarchy collapse is a common practice in a data warehouse. Frequently used attributes of parent and reference entities are propagated in children entities
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so that users do not have to join many tables to collect all
the attributes that they are interested in.
In a typical data warehouse the dimensions (generic reference information) and fact tables (detailed information) are
organized in a star shaped schema and fact data is typically
analyzed over one or several dimensions. While in the MSD
search database there is no strict distinction between fact
and dimension entities, the same pattern of star shaped
design applies. There is a star schema around every entity
that has been considered as a possible target of data analysis.The hierarchical network of stars resembles what is often
called starflake or snowflake design in the data warehouse
world. The MSD search database is modular. Each module
contains a different type of information. Each module can be
loaded, updated and distributed separately from the rest.
Modules can contain derived information in which case programs and procedures are run to populate them. The modules are equivalent to Data Marts as subsets of the search
database that support the requirements of a particular
aspect of macromolecular structure.
The MSD database is to be distributed and used directly by
end users that are neither familiar with complex queries nor
with MSD s normalized design. Therefore tuning for speedy
query retrieval is paramount in a warehouse and traditionally warehouses
are
hardware
resource
hungry.
Denormalization commands repetition of information and
the storage prerequisites of a warehouse are immense. The
MSD Search database requires in excess of 200GB disk
space
What is needed is an incremental transformation; a mechanism that identifies which of the source data rows have been
modified and which rows in the transformed results they
affect. Then we will refresh only the rows that have really
changed. Unfortunately, there are several limitations on the
types of queries that can use the Oracle mechanism based
on fast refreshable materialized views.We have developed an
incremental transformation process that is equivalent to
Oracle Materialized views. Conventional materialized views
could not handle the increased complexity of protein structure information. The MSD system uses an SQL parser using
javaCC to analyze the transformation queries. The search
database metadata was extended to include a dictionary for
queries that is able to store analyzed information about the
transformation queries. The next step was to develop generators based on the metadata in order to create the query
statement from its analyzed form, as well as to generate triggers for the source tables.These triggers follow up the defining queries to find the records of the result tables that are
affected by each single modification (insert, update, delete) in
the source tables and keep an appropriate log. At a later
stage when the actual transform takes place another generated PLSQL procedure re-evaluates all marked records of
the transformed tables, to examine if they need update.
Inter-vendor master-slave database replication over the web
is not a straightforward task. Despite the adoption of relational standards like ANSI SQL and standard database API's
like ODBC and JDBC, it is hard to find off-the-self utilities
for data exchange between different databases. The MSD

database development includes a replication system based
on java serialized objects. We have produced a generic, platform and database vendor independent replication mechanism that allows for schema export in SQL variants for
other databases and ANSI SQL, trigger generation for keeping track of changes in master source tables (similar with
materialized view logs), export of the changes in the data in
files in the form of java serialized objects through JDBC,
download of the files by the import mechanism on the slave
sites through HTTP or FTP and finally an import mechanism
for changes through JDBC in Oracle or other databases like
MySQL.
A further issue with relational database replication is the difficulty in maintaining a replicated database up-to-date. In
relational databases data is usually kept in a relatively small
number of binary files that change very frequently, with no
efficient way of identifying the changed sections within the
file, making synchronising a replicated relational database a
demanding task. The concept of incremental replication is
simple. All that is needed is a mechanism of keeping track of
every single modification that took place in the master database since the last incremental update.The modifications will
be then extracted and applied onto the slave database. We
decided to implement this mechanism in Java, using JDBC
technology and managed to provide an inter-vendor incremental replication solution that overcomes the limitations
set by the Oracle materialized views. This solution has the
form of an incremental export and an incremental import
script, while the incremental update files contain data in the
form of Java-serialized objects. A third script translates the
replicated schema to DDL statements that are compatible
with several commercial and freeware databases like Oracle
and MySQL.

Search interfaces
Ligand chemistry
The MSD curators ensure that the basic structure of every
ligand is correct. This means that the atoms, their names and
elements as well as the bonds between atoms and the bond
orders are defined and checked manually during deposition
processing. In-house developed software as well as the
CACTVS and CORINA packages are used to populate ligand. Using the complete information of the particular
stereoisomer, curators use ACD-Labs software to derive the
systematic name for the molecule. Finally VEGA is used to
obtain atomic energy types. For search operations on the ligand chemistry data, a chemical database cartridge (for small
molecules, drugs and amino acids) implemented in Java (in
java packages wrapped by Java stored procedures) has been
developed. The cartridge includes an implementation of
graph algorithms for sub-graph isomprphism and a mechanism for indexing the chemical graph operations based on bit
strings for the detection of segments (fingerprints). The cartridge integrates the chemical graph operations in normal
SQL statements together with other SQL operators.
Generators have been written to automatically generate a
stored procedure layer that exposes the interface of a java
class using the Java type information (java.lang and
java.lang.reflect).The chempdb service provides a wide range
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of possibilities for exploring the ligand data collection. For
example one may start by using the classes in "Molecule
Classification" that their name match some criteria i.e.
'*SACCHARIDES*', look at one of them, select one molecule
in the class, have a look at their atoms and then their energy types; then find other atoms with the same energy types
and their molecules. There are advanced search methods
such as drawing the search fragment using the JME Molecular
editor and searching for molecules whose graph contains as
a subgraph the query molecule. There is also a fuzzy similarity search operation where the result is the list of molecules
that contain at least 99% the same segment composition as
the search object, from a predefined set of 500 segments.

Fold recognition
Secondary Structure Matching (SSM) is an interactive service for comparing protein structures in 3D. It allows for:
comparison of two structures, examination of a structure for
similarity with the whole PDB or SCOP archives, best Caalignment of compared structures, download and visualization of best superposed structures using RasMol (Unix/Linux
platforms) or RasTop (MS Windows machines) linking the
results to other services - OCA, SCOR GeneCensus, FSSR
3Dee, CATH, PDBSum, SWISS-PROT and ProtoMap.

Web search engine
A web interface to the Oracle database has been built using
Apache and modperl. XML is used throughout. XML defines
the user interface, the possible search fields, as a format for
results, and for the search/result HTML pages built on-thefly, using XSLT. Visualization of structure data is allowed for
using a lightweight Java viewer and each view can picked, and
the highlighted residue will update.

Visualization

of search results

A viewer has been designed and written that can display
CCP4 electron density maps as a web based java I. I compliant applet. This allows the display of multiple macromolecular structures with multiple pre-calculated CCP4 maps.
The views can be manipulated so as to focus on particular a
volume of the structure/map so as to allow assessment of
the structure fit to the map within a local volume. The viewer has been optimized Uava 1.1) to run on as many variants
of browsers as possible so as to provide it to largest user
base as possible. In this way it is hoped that the experimental data will be of interest not just to structural biologists but
many other scientific disciplines that would like to view the
validity of the coordinate information. It is also notes that
the viewer is suitable for any non-orthogonal grid data
allowing the display of EM iso-surfaces as well as any theoretical grid function. The viewer has a number of features to
enable it to highlight salient map fit to coordinates, and allow
deviations and errors to be rapidly assessed.
• The ligand can be automatically identified and highlighted
as this is often a key feature of interested, and is often the
main reason for many structure solutions.
• A Ramachandran plot, a Bvalue plot as a function of
residue and a plot of omega torsion angle as a function of
residue can be generated from the macromolecule. The

graphing functionality has been made entirely generic to
provide for further expansion of validation methods.
• The user can pick the various graphs of data that present
information of the validity of the structure solution. This
pick will highlight the residue within the 3D structure view
that contributes to this data point and will also center and
zoom in on this point.This allows the rapid focusing on significant deviations.
• A sequence view is supplied that aids with the coordinate
view navigation. Residues within the sequence can be
picked to recenter the structure view. A number of annotations (secondary structure and active sites) on the
sequence view also aid in this navigation.

Outreach activities and workshops
• XIX Congress of the International Union of
Crystallography, (Geneva, Switzerland, 6-15 August 2002.)
Booth and demonstrations of the MSD database and tools
presented.
• Printed material produced and widely distributed:
- MSD "Rough Guide" leaflet
- ChemPDB search and fold recognition system/SSM fact
sheet
- Macromolecular Structure Database: the European
Protein Data Bank (ePDB) presentation folder sheet.
• MSD Mousemats produced - very popular promotional
material at IUCR Congress.
• SPINE Data Management Meeting,July 5th 2002 held at the
EBI.
• Workshop promoting Software Development in the field
of High Resolution Electron Microscopy Structure
Determination, November 15th & 16th, 2002 held at the
EBI.
• Industry Workshop in October in conjunction with EBI
colleagues.
• Assisting colleague with ECCB & ASHG exhibition stands.
• Posters presented at ICMRBS and
• Extensive work on MSD internet site

Collaborations
RCSB
The E-MSD and the RCSB have had several successful and
productive meetings. At these meetings we agreed on the
final procedures for PDB entry exchange using the mmCIF
format. In addition discussions were held on the manner to
present a common representation for the core PDB that will
allow each site to continue to offer unique individual services. One outcome of this is that at the XIX Congress of the
International Union of Crystallography, (Aug 2002.) the EMSD and the RCSB occupied adjacent booths and stressed
that there is but one international archive for PDB entries.
The E-MSD and the RCSB are also jointly striving to define
the required data items for structure data to be deposited
for those structures to be determined by the various struc-
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tural genomics projects in USA and in Europe to be consistent as far as data definitions and deposition methods.

AutoStruct
is an EU funded project to look at ways of streamlining and
automating the structure determination process. The role of
the MSD in this project is to provide advice from the perspective of the database archives and to implement any recommendations that concern the deposition process.

NMRQUAL
is an EU funded project set up to develop validation criteria
for macromolecular structures determined using nuclear
magnetic resonance (NMR). It is co-ordinated by Rob
Kaptein's group in Utrecht and also includes Gert Vriend
(Nijmegen, NL), Ernest Laue (Cambridge, UK) and Michael
Nilges (Paris, F). The role of the MSD group in this project is
to incorporate validation criteria into the PDB deposition
and search procedures.

CCP4
Researching the problems of 3D protein alignment and fold
recognition and to provide the corresponding tools that
could be eventually added to CCP4. Further enhancement of
the new CCP4 Coordinate Library (MMDB) in order to
meet the needs of CCP4 developers. Approximately 150
new interface functions were added to the Library, mostly at
request of different CCP4 developers and in order to aid the
CCP4 Molecular Graphics Project. MMDB is scheduled for
new CCP4 5.0 release. The release will include the Library
with a set of sample applications. A full CCP4 application, the
PDB file curation tool, based on MMDB, will be included into
CCP4 suite. The release will include two other fully functional CCP4-style applications as demos: rewritten MMDBbased CONTACT and MWater, a new utility for generating
the symmetry mates of solvent molecules contacting the
protein chains in the unit cell. An efficient new graph-theoretical method for structure recognition has been developed. The method is used for running structural queries in
MMDB's ligand database. The method made a basis for the
joint EBI-CCP4 project on protein structure recognition and
3D alignment. As a result, a public EBI-CCP4 web service has
been launched at http://www.ebi.ac.uk/msd-srv/ssm. CCP4
Molecular Graphics Project may employ the development
for 3D structure superposition; a first-version tool for doing
that has been tested.

CCPN
For the NMR model efforts have been directed at working
closely with the BMRB to coordinate the CCPN and EBI
work and led to a draft data model and derived python API
using model driven architecture. A mapping between the EMSD/CCPN data model and the BMRB star schema gives a
tight co-ordination. The complete data model was released
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in May 2002. A transform of the UML data model to the EMSD SQL database schema has been completed.

Equipment
The Wellcome Trust award has enabled the MSD group to
become equipped with the computer resources necessary
for all our databases to become fully operational.
One SUN StorEdge L700 heavy-duty (3 TB overnight) tape
robot
One 16-CPU Sunfire 6800 SUN server with Solaris 8
Seven 8-CPU Sunfire 880 SUN servers with Solaris 8
One T3 storage cabinet with 4TB storage space
Oracle 8.1.7 is installed on 5 of the servers
Oracle 9.0.1 is installed on 3 of the servers
Oracle 9.2.0 is installed on one of the servers
We currently have 14 Oracle databases 3 of which provide
online services. The rest of the databases are used for data
loading, data transformation, systems development and testing. In total these databases occupy approximately 1.5 TB of
space.

MSD database services:
• http://www.ebLac.uk/msd-srv/search XML based search
interface to the Oracle data warehouse
• http://www.ebLac.uk/msd-srv/ssm Secondary Structure
Matching tool for protein structure comparison
• http://www.ebLac.uk/msd-srv/chempdb Hetgroup interface for accessing the ligands and small molecule dictionary of compounds found in the PDB
• http://oca.ebLac.uk/ Integrates data query form for the
PDB
• http://pqs.ebLac.uk/ Protein Quaternary Structure Query
Form
• http://www.ebLac.uk/msd-srv/emdep EM deposition system
• http://autodep.ebLac.uk/ PDB deposition form
• http://capri.ebLac.uk/ Capri a protein-protein docking
structure prediction service
• http://www.ebLac.uk:80/dali/ Dali is now the responsibility
of the MSD group and has been ported to run on the MSD
Linux PC farm (funded by the EU thorough TEMBLOR)
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The External Services Team at the EBI is a new group mainly in charge of the planning, production and maintenance of
the EBI's web and ftp servers. It is also responsible for the
deployment of services aimed at the international community of bioinformatics users. These include various homology
and similarity searches of EBI databases as well as tools to
carry out nucleotide and protein sequence and structural
analysis. The group was created in January 2002 and aims at
integrating most activities from the various research and
services groups at the EBI so that a uniform and user friendly view is provided to the large number of users we support
today.

The EBIWWW
The main impression users get of the EMBL/EBI is via its web
servers. As the institute grows, not only in terms of FTEs but
also in terms of its output, it is required that these servers
provide a scalable, uniform, consistent and comprehensive
view of their activities. A new WWW site and server was
launched in April 2002 and addresses many of the limitations
of our old one, the most important being issues with userfriendliness, performance, management and administration.

(

The new web site was designed using state-of-the-art components that transparently provide access to static as well as
dynamically generated content. The specifications and implementation of this server was done in close collaboration
with the System Group of EBI. Figure I shows the basic layout of the hardware.
From Figure I it can be seen that there is a relatively large
number of components to the currentWWW site.The most
important of these is the BiGIP load balancer that takes care
of redirecting specific service requests to the server array.
This array consists of individually set-up web nodes, each in
turn forwarding requests to the various computational
farms. Each web node consists of a mini-farm of 2 or more
machines that provide redundant access to the service
resources. In some cases 2 machines belonging to a web
node are separated: One takes care of the service in production mode while the other provides access to the service in development or maintenance modes. The addition
and/or allocation of extra nodes to a mini farm is made possible by simply declaring their existence in a BiglP pool, thus
providing an efficient way of addressing scheduling as well as
scalability issues.

. Internet
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Figure I. Basic Hardware layout of
the EBI WWW server and the compute farms and clusters.
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At the moment there are 12 web farms (and thus 12 BiglP
pools) in the web array all producing dynamically generated
content. One separate farm fully dedicated to serving static
pages with two Compaq DS20's clustered in order to guarantee that web presence is optimally maintained.
Many web sites provide access to expensive compute
resources directly from their web server.This is not the case
at the ESt. We sacrifice a little speed in order to achieve fairshare computing for the many user requests. To do this efficiently we use Platform's LSF product. It is a well-known tool
amongst system administrators that provides a very consistent computing environment for our requirements.
Once a web or email job request gets validated, it is sent to
the compute farm by the LSF exchange or dispatcher. The
specific request carries a queued resource identifier that
instructs the system to run the job on either a general purpose Linux farm consisting of 100+ dual Pentiumlll nodes or
one of two high performance Compaq clusters with a total
of 12 ES40/45s.
The most important aims of this set-up are:
• To provide redundant access points for jobs submission as
well as for job execution.
• To simplify administrative tasks such as job rescheduling
and pool scaling.
• To provide the fastest possible turn-around for batch submissions.
The nature of the World Wide Web today has created a
world market for electronic artists and designers.
Sioinformatics has many faces and combines many disciplines
into a hybrid science that is very difficult to categorise. The
currentWWW team are all professional web designers with
an impressive track record in the field of web publishing.
They have developed a comprehensive site that accurately
reflects the message ESt's production and research groups
want to pass to the outside users. At the institute there is a

web of thematic relationships to exploit, which the team are
constantly exploring in order to improve the site. They also
constantly evaluate existing and new services in order to
maintain assertiveness in the user interface and get involved
in the later project development stages where their expertise in designing user-friendly web sites can be exploited to
the maximum.
Quarterly traffic from the web server is presented in figure
2.The numbers represent filtered requests, which means that
no requests for images are taken into consideration in the
data. User traffic to the main web site has increased dramatically since the release of the human genome in 2000. It has
continued at an astonishing rate and currently we have some
15 million hits per month on average. The current growth
rate indicates we will reach over 50 million hits by the end
of the first quarter 2003.
Traffic to the EBI comes from all corners of the world but is
primarily European, mainly from UK (20%), Spain (16.3%),
Germany (4.2%), France (2%) and Italy (1.7%). Commercial
domains are responsible for roughly 8% and the American
educational sector represents 5.3% of all hits. In terms of
data transferred, the EBI server generated 1.2 terabytes (not
including images) of data during 2002.

SRS
The external services group is in charge of the Sequence
Retrieval System server at the ESt. SRS is the main gateway
to most of the data produced at the institute. Although SRS
is now the property of Lion Biosciences AG, the group has
maintained a very solid relationship with the development
and support teams of Lion.
Via SRS at the ESI the user can explore more than 140 databases containing more than 50 million records. The user can
access not only sequence data but query and link results to
other databanks which include MEDLINE literature
abstracts, the GO (Gene Ontology) database as well as pro-
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Figure 2. Graph showing web requests to the
EBI WWW site from May 1999 to Dec 2002.

- - - - - - - - - - - - - - - - - - - - - - - - - 214 - - - - - - - - - - - - - - - - - - - - - - - - - - - , - - - - - - -

EBI Hinxton

"U
Q

4000.0 k
3000.0 k

... . r

'r

'f

2000.0 k

............

j

;

if)

0..

+'
::>..

r..... ... .

i'
··t

i'

0.0 k

......

Dec:

Oc:t

Sep

Aug

Ju I

Jun

May

Apr

'1'

i'

.

1000.0 k

CD

'r

'r ......... . .

:

Mar

.

i······

Feb

Jan

.

Dec:

Figure 3. WTGC Site router stats graph for EBI during 2002.
tein function databases, secondary and tertiary structure
libraries and various metabolic pathways resources. Within
the EBls SRS server is it possible to launch 17 different kinds
of jobs that include blast, fasta and interproscan. The results
of these jobs are indexed as SRS databases and can thus be
linked to others by using predefined or user-designed SRS
views.
More than 188,000 distinct hosts from all over the world
access this server. More than 30,000 requests are made per
day. SRS alone is responsible for some 40% of the web traffic at the EBI.
Three people in the group are dedicated to the development
and maintenance of SRS. Because of its importance to other
underlying services the maintenance of SRS is a primary task
as is the integration of EBl's newer and more complex databases. We provide our SRS-Icarus parsers to whoever
requests them.

FTP and Network
Table I shows stats for the years 2000, 200 I and 2002 for
the EBls ftp server.
Year

Number of files

2000

3,196,715

8

2001

4,510,894

11.9

2002

5,600,147

36.6

Table I. ftp stats for number
during 2000-2002.

Terabytes

of files

and volume downloaded

US based academic institutions account for more than 20%
of all file downloads, followed by the UK and Japan with 15%
and 10% respectively. Germany, Brazil, Spain, Canada,
Denmark and France together account for 35% and none
exceed 10%. In terms of bytes, the UK alone is responsible
for 37% while the US and Japan both account for 15% each.
European countries are responsible for the remaining 33%.
By far the most active period for our ftp server is at release
time of the EMBL-Bank database, which occurs 4 times per
year. The ftp server was co-located in London during 20012002 in order to address issues of excess bandwidth usage,
which affected the main site router.Two 34 Mbit links where
put into operation during 2002.The connection speed to EBI

will be further enhanced by the addition of a I Gbit link to
Cambridge during 2003. The EBI is by far the largest consumer of bandwidth at the Wellcome Trust Genome
Campus. Figure 3 shows a graph depicting the EBI router
traffic statistics. The green shows traffic 'to' while the blue
one traffic 'from' the EBI. On average the EBI sent 625
kB/sec/day during 2002.

Services
There are currently more than 60 distinct services running
from EBI. These include various homology and similarity
algorithms giving access to 20 sequence databases and
approximately 150 completed genomes and proteomes.
Also sequence analysis tools, which include many EMBOSS
applications and gene and structural prediction methods are
available. Table 2 shows the relative usage of the web array
farms organised by group. Again, the numbers do not contain requests for images.

Support/Help Desk
One very important task the external service group has is
communicating with outside users and answering the many
requests that are emailedtousatsupport@ebi.ac.uk and
ebisrs@ebLac.uk.There are currently 6 people (2 from within the ES group and 4 from sequence database groups) in
charge of these. During 2002 there where some 3200 emails
from users regarding a wide range of issues.The most important are:
• Queries regarding using various tools, in particular,
c1ustalw and jalview
• Issues regarding using SRS
• Requests for information regarding EMBL/TrEMBL and
SWISS-PROT entries
• Messages forwarded to other help desks at EBI such as
interhelp, msdhelp, etc.
• Interproscan help
• Job information
• Graphical output problems
• CD-ROM requests
• Advice/Help with courses where EBI's tools are used
• Messages regarding patents or patent applications
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Server

Requests

average per day

Static server pages

16,239,767

49,455

External Services (CI ustalW/Fasta/Blast/etc)

11,946,353

35,954

InterPro (Accesses to Interpro/lnterProScan) + Proteome&Parasites

2,180,918

3,595

MSD Database services

5,261,370

11,578

386,205

648

11,168,989

30,607

622,293

3,591

MyGrid

10,314

39

ArrayExpress

80434

220

Miamexpress

54490

149

MSD external services (SSM, etc)
SRS
Goldman

Table 2. Relative web traffic to specipc group's web nodes.

The future
The group is currently involved in the development of Web
Services and the launching of all EMBOSS applications in
2003. Web Services provides a seamless solution to the
problem of creating user definable interfaces. The main goal
of this work is to provide a single streamlined method for
accessing services from the command line of any computer
connected to the internet, thus allowing us and the user to
create personalised interfaces and enabling scripting and
workflows. Most EBI external services applications are to be
launched in this manner, as well as over the SRS server, and
will thus provide access to our tools to both the casual as
well as more advanced bioinformatics user.
Another activity the group is actively pursuing is the development of a training and educational resource called 2can.
Most of the work of the EBI's external services is innovative
in nature and is not designed for general public consumption.

Publications during the year
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2can aims at filling-in this gap by stitching together biology
and bioinformatics and providing comprehensive tutorials of
EBI's tools. The project is expected to launch a web site during the first quarter 2003 that is aimed at school teachers
and young professionals in the many disciplines bioinformatics consists of today.
2003 will present two important challenges for the group.
One is the design and implementation of the internal web
site for the sequence database group (by far the largest
group at the EBI) as well as for the UniProt project. The
internal site will become a proof of concept in that we
believe that the integration of our activities in the production phases of this group will allow better and easier integration of its work in the public web site. These efforts will
be mirrored in the UniProt web site, which will result in mirrors that will provide wider, decentralised and redundant
networks of resources for protein analysis and data dissemination.
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EBI SRS server-recent developments. Bioinformatics, 18, 368373
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EBI SRS server-new features. Bioinformatics, 18, I 149-1 150
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The new group became established during 2002 and has the
remit to investigate and advise on the e-Science and Grid
technology requirements of the EMBL-EBI, through application development, training exercises and participation in
international projects and standards development.
Grid technology is proposed as the next generation infrastructure necessary to support and enable the collaboration
of people and resources through highly capable computation
and data management systems. Current Grid projects in
high-energy physics focus primarily on the sharing of computational resources, large-scale data movement and replication for simulations, remote instrumentation steerage or
high-throughput sequence analysis.
much bioinformatics requires support for a scientific process that has relatively more modest computational needs, but has significant
semantic complexity. There are hundreds of resources and
applications available to today's biologist via either "command line" applications, databases, flatfiles, web forms or
graphical user interfaces. These may be either local to the
user, or provided by remote sites. What is more, these
resources are updated frequently. A user needs to find, discriminate and choose the most appropriate services, and
may need to be notified when resources are changed or
updated. In an "e-Science" context, this necessitates adapting
and wrapping existing resources such that they are compliant with existing and emerging standards, specifications and
tech nologies.

supports in silico experimental process - enabling clients to
seamlessly link together databases and analytical tools using
process flows, extract relevant information from free texts,
record provenance and harness available computational
resources for CPU-intensive tasks. The target users of
myGrid will be tool and service providers, such as the EMBLEBI, who build applications for a community of biologists.The
myGrid project is a joint collaboration between the
University of Manchester, the University of Southampton,
the University of Nottingham, the University of Newcastle,
the University of Sheffield, IT Innovation and the EMBL
European Bioinformatics Institute. Industrial contributors
include AstraZeneca, GlaxoSmithKline, Merck KgaA, SUN,
IBM, Epistemics Ltd, GeneticXchangeand Network
Inference.
Rather than a "Data Grid" or "Computer Grid", myGrid is an
example of a "Serive Grid". Consequently, myGrid is a framework based on an open service based architecture, prototyped on XML-based "Web services" technologies and with
a migration path to the emerging "Open Grid Services
Architecture" (OGSA).

To date, Grid development has focussed on the basic issues
of storage, computation and resource management needed
to make a global scientific community's information and
tools accessible in a high performance environment.
However, from the "e-Science" point of view, the purpose of
the Grid is to deliver a collaborative and supportive environment that enables geographically distributed scientists to
achieve research goals more effectively, while enabling their
results to be used in developments elsewhere.

Our group's primary role in the myGrid project has been in
developing access to the EMBL-EBI's bioinformatics archives
and analysis tools through Web service technologies using
non-proprietary and open specifications, such as the OMG's
Bibliographic Query Service, Biomolecular Sequence
Analysis and Notification services. Our group has also contributed to the development of new specification and standards as are required for the successful implementation of
any integrated architecture, by actively participating in the
standardisation efforts of the OMG (http://www.omg.org/),
the 13C (http:///www.i3c.org/), the Global Grid Forum
(http://www.globalgridforum.org/) and the BioMOBY project
(http://www.biomoby.org/). Our group has also provided
many of the use cases that have helped drive the myGrid
project so that it addresses the needs of bioinformatics.

During it's first 12 months, our group has been a participant
in the UK-funded "myGrid" project (http://www.mygrid.org.
uk/). The myGrid project aims to exploit Grid technology,
with an emphasis on the "Information Grid", and provide
middleware layers that make it appropriate for the needs of
bioinformatics. The myGrid project is building high-level
services for data and application integration such as
resource discovery, workflow enactment and distributed
query processing. Additional services are provided to support scientific method and best practice, notably provenance
management, change notification and personalisation. Thus
the particular focus of myGrid is on data-intensive "eScience" and the provision of a distributed environment that

The technology basis for the myGrid project is "Web services" (http://www.webservices.org/).This is a collection of
XML-based technologies developed by the e-business community to address the issues of service discovery, interoperability, business processes and data exchange. These are all
issues that are relevant to bioinformatics too. Thus our
group has been evaluating, testing and demonstrating the
capabilities of "Web services" technologies in bioinformatics.
During 2002, our group held two workshops on the Hinxton
Campus to teach others about the technology. The "Grid"
community has also taken note of the rise of "Web services" with the development of the "Open Grid Services
Architecture" (OGSA) which is a proposed evolution of the
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prototypes of BioServices for NCBI and WU BLAST, the
complete EMBOSS application suite and MEDLINE.

Globus Grid toolkit towards a system architecture based on
an integration of Grid and Web service technologies. The
effort to standardise the OGSA is happening under the auspices of the GGF, and to which the EMBL-EBI is contributing.

A bioinformatician needs a great deal of background knowledge in order to build workflows or distributed queries efficiently and effectively. Some of this burden can be relieved by
describing in a formal manner interpretable both by human
and applications (i) the services that process objects and (ii)
the objects themselves. Both need a continuum of descriptions: basic metadata detailing their origins, quality of service,
etc.; structural descriptions detailing their data types or
method signatures; and semantic descriptions that cover
their concept (e.g. an enzyme, an alignment algorithm, etc.).
In myGrid, both data and services are annotated using (multiple) ontologies to produce semantically rich services from

myGrid regards in silico experiments as distributed queries
and workflows. Data and parameters are taken as input to an
analytical tool; then output from these can be taken, perhaps
after interaction with the user, as input to further tools or
database queries. BioServices such as databank retrieval and
analysis tools need to be wrapped and offered in a form that
accommodates their distribution and variety of data formats.
The EMBL-EBI has developed a middleware framework that
provides general access to all types of bioinformatics applications.ln addition we have released to the myGrid partners,
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which workflows may be built, enacted, recorded, annotated
and re-used. Classes of services (e.g. an alignment service)
and concrete instances of services (e.g. WU-BLAST at the
EMBL-EBI) may be distinguished and described.The ontology
part of the myGrid project is being developed by the
University of Manchester, and our group has contributed
knowledge and services to the development of these ontologies.
An important part of the myGrid project being developed by
the University of Newcastle, and in which our group is collaborating extensively, is the development of the "myGrid
Information Repository" (mIR). The mlR stores XML data
generated by experiments with its metadata and ontology
terms; annotations of information held in the mlR or external repositories; and provenance data. Biologists are used to
recording the provenance of bench experiments with their
results, and this should be true for in silica experiments too.
MyGrid aims to record automatically in the mlR as much
provenance information as possible about data, workflows
and results. We are working to ensure that the EMBL-EBI's
bioinformatics services produce the necessary provenance
data so that an in silica experiment has an audit trail.
As well as its collaboration with the other partners in
myGrid in developing their components so that they are
consistent with the needs of bioinformatics, our group has
developed two major pieces of software infrastructure to
the project: Soaplab from Martin Senger and Talisman from
Tom Oinn.
Soaplab is a set of Web services providing programmatic
access to applications on remote computers with a specification for an analysis service (based on the OMG
"Biomolecular Sequence Analysis" specification) and is implemented using Apache Axis (see Figure I). Soaplab is freely
available for downloading via our group's web page. As part
of the myGrid project, Martin Senger has made available as
Web services that may be used by the other myGrid partners: including the EMBOSS application suite of over 80
molecular biology tools, WU-BLAST, NCBI-BLAST and
ClustalW
Soaplab does not access individual analysis programs directly but uses a general purpose package developed in a previous project, called AppLab. AppLab hides all the details about
finding, starting, controlling and using applications. AppLab is
a CORBA-based implementation of the OMG's
"Biomolecular Sequence Analysis" engine specification. The
advantages of AppLab and the OMG specification are in a
standard way how to describe analyses and their input and
output data using an XML-based metadata description. The
Soaplab Web service interface allows access to the metadatao An important addition to this project is that the EMBLEBI's Web services are being developed with the interfaces
and implementations for robust notification services based
on the OMG's Notification Service, but using Web services
technologies.
Talisman is a rapid application development tool and runtime
environment for writing web based user interfaces. It takes
care of all the drudge work of writing these interfaces such
as tracking form parameters, user sessions, resource man-

agement etc. Talisman is designed to allow a bioinformatics
expert to rapidly build custom applications, immediately visible using standard web technology, for users who wish to
concentrate on the biology of their problem rather than the
informatics aspects. As a component of the myGrid project,
it is intended to allow access to arbitrary resources, including but not limited to relational, object and flat file data
sources, tracking and distributed annotation systems.
Talisman does not attempt to provide a workbench system
for general use. Instead it provides a highly expressive framework that may be used by bioinformaticians to produce
"canned web based applications" that may be used other
users.
A Talisman application consists of one or more XML definition files that are read by the Talisman server and used to
produce web pages into which users may enter data that is
sent off to analysis applications, before the results may be
displayed in a web page, or stored in a database. Thus these
XML files define the behaviour of the application in terms of
data encapsulation and actions. Talisman provides various
core data types such as text fields, images, and regular
expression based text operations.The real power of the system comes in the extensibility mechanisms that require only
a small amount of bridging code to be written to allow
access to these from within a Talisman web page. For example, we have written the bridging code to allow Talisman to
contact Soaplab and Ensembl.
As a user uses a Talisman generated web page, a provenance
track is generated which records both the results of applications, and metadata concerning versions, parameters, annotations, etc. the intention is to allow someone to go back at
a later time to an in silica experiment and understand fully
the "who, what, when, where, why and how" of an experiment.
As an adjunct to the myGrid project, we have worked with
geneticists from the Newcastle "Centre for Life" who are
studying the possible genetic causes of heart disease and
Graves' disease. Using the framework provided by Soaplab
and Talisman, and with the Java API provided by the Ensembl
project, we are working on a portal that enables the
Newcastle geneticists to more easily identify restriction
enzymes and primer pairs that may be used in assays of
material from patients. The approach that the geneticists
uses involves integrating a number of analysis tools and data
resources. In their approach, the geneticists first identify a
marker from family studies showing a significant linkage to
their trait of interest. Previously, they had to then navigate by
hand through a number of resources and tools to find which
genes are in the vicinity of the marker (from Ensembl), what
SNPs occur in this gene (from dbSNP) and then compare the
results from a restriction enzyme program to determine
what restriction enzymes may be able to distinguish between
different SNP genotypes during an RFLP assay. Finally, they
had to find primer pairs around the SNP that could be used
to amplify that genomic section. We are able to model this
workflow within Talisman and provide access to the analysis
applications using Soaplab. The system we have adopted and
tools we are providing can significantly reduce the amount of
time required to find appropriate candidates by automating
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much of the drudgery so that once a user specifies a marker in a Talisman web page, the Talisman system uses Ensembl
and
together with bioinformatics analysis tools
accessed using Soaplab to determine what genes with SNPs,
restriction enzymes and primer pairs could be used in an
assay.
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This report covers the database and software development
activities of the EBI Sequence Database Group. The main
activities of the Sequence Database Group are under the
strategic direction of Rolf Apweiler and Peter Stoehr, and
include the EMBL Nucleotide Sequence Database, the
SWISS-PROT + TrEMBL protein sequence database, and a
range of databases around these two core resources. Nicole
Redaschi, and now her successor Weimin Zhu, manage the
technical maintenance and development of the databases
and software. Separate reports will focus on other aspects
of the group work, namely: biological developments in the
nucleotide sequence databases (Stoesser), protein sequence
databases (Apweiler) and external services (Lopez)

Common group developments

Group organisation

During 2002, we have taken particular care to integrate the
programming and database activities from the previously
separate SWISS-PROT and EMBL database groups at the EBI.
A management structure has been created to capitalise on
the pooled expertise of the now large group of some 40
software engineers and database specialists, and we have
identified several projects to be developed in common
between the various projects of the group.

Database administration
We use ORACLE RDBMS to manage our databases, and
during 2002 we have significantly enhanced our database
administrator (DBA) capacity to 3 persons (in combination
with EBI MSD group). This was much needed to cope with
increased workload resulting from creation of several new
data resources, as well as need for proper holiday cover and
general responsiveness. There are currently some 14 production and development Oracle database instances, containing more than 30 schemas, on 6 Compaq ES45 4-cpu
servers comprising over a terabyte of disk. These are monitored and maintained by the DBAs, eg: EMBL Nucleotide
Sequence Database, EM BL Sequence Version Archive, SWISS- - - - - - - - - - - - - - - - - - - - - - - - 221

PROT/TrEMBL, MEDLINE, IntEnz, IUPHAR, ASD, Rulebase
and GOA.
During 2002 Oracle databases were systematically upgraded
to Oracle 8i. Replication of the EMBL schema was re-implemented and backup/recovery solutions upgraded. An Oracle
9i instance was also configured in order to explore Oracle
Text and XML-DB functionality, primarily for literature
resources such as MEDLINE.

XML
In addition to the distribution of data in flat-file format (eg
EMBL/SWISS-PROT format), we are currently developing
XML Schema for our data resources. A common set of standards and conventions for implementation of XML, intended
to be used EBI-wide, is being developed. A core set of common XML elements which can be shared by all data sources
is important for integration, whilst implementations of individual databases in XML will add their specific data representations. InterPro has been distributed in XML for a while
already, whilst SP-ML, a SWISS-PROT/TrEMBL XML schema
(http://www.ebLac.uk/swissprot/SP-ML/) is well advanced.
We expect to formally publish and support nucleotide and
protein sequence data in XML during 2003, and begin the
process of weaning the user community away from the old
flat-file formats. In addition to providing an easily and reliably
parseable version of database contents, we will use the XML
format to publish additional information, in particular GO
associations and evidence tags in protein data. These additional data items would represent major changes to the flatfile format and would be likely to cause problems for existing software.
Figure I shows an example of a TrEMBL entry in XML format. SWISS-PROT has invited community comments on the
draft schema in February 2002, and offered the first XML
version ofTrEMBL in autumn 2002.
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Literature citations
We have begun efforts to harmonise the managemant and
representation of literature citations, in particular journal
citations, amongst all databases. A central citation database
is being designed, based on authoritattive sources of article
metadata such as NLM and ISSN.This will not only enable us
to save duplicated efforts, improve quality control and standardise this information across all our databases, but also to
build links to DOls, pubmed ids and other literature identifiers to enable more complete linkage to abstracts and fulltext literature resources.

Integr8
A specific integration project, Integr8, was launched in
January 2002 with EU funding under the TEMBLOR project,
aimed at developing the integration of molecular biology
data. Integr8 will be a new-generation bioinformatics
resource which builds an integrated layer for the exploitation of genomic and proteomic data by drawing on databases maintained at the EBI and elsewhere in Europe.This project will enable text and sequence based searches against a
gene-centric view of all completed genomes. Zooming in on
the sequence data linked to the gene will allow the user to
see genomic, transcriptional, and protein sequences linked
together. Each transcript will be linked "down" to the
genomic sequence from which it is transcribed, and "up" to
the protein sequence into which it is translated. Each level
will give direct access to the whole body of scientific knowledge about a given gene, transcript or protein. This will
encompass information on: genetic regulatory elements,
gene expression, protein expression, gene product information, protein families and domains, structural and ligand information, molecular function, biological role, and location of
gene products. All this will be linked to the scientific literature and patent information, as well as to information on biological materials (in particular gene libraries, individual
clones, high- density clone filters, DNA and protein filters,
clone and DNA pools etc.). In addition to creating an integration layer to existing resources, it will be necessary to
create some new components in the envisaged data backbone.Within Integr8 we also plan to develop to develop new
algorithms exploiting the integrative layer and adding value
to the existing body of data.
In 2002, the critical stages of data and system modelling (in
UML) were completed. Implementation was begun by creating core java APls for manipulation of source and modelled
core data, and design of relational schema as back-end of the
system.

Highlights of developments In specific databases
rrEMBL

Data release

<?xml version="l.O"?>
<swissprot
xsi:noNamespaceSchemaLocation=''http://\-lW\-l.ebi . ac. uk/swissprot/
sP-t-fi.,/xsd/SP-Draft-20020221. xsd"
xmlns :xlink=''http://www.w3 .org/1999/xlink"
xmlns: xsi="htt.p: I /WW'.tl.w3 .org/2001/XMLSchema-instance' >
<entry name=' 054959" primaryAcC="054959"
status=" PRELIMINARY " firstPublic="1998-06-01"
firstRelease;::"TrEMBLrel. 06" lastSeqUpdate=" 1998-06-01"
lastSeqUpdateRelease="TrEMBLrel. 06"
lastAnnUpdate="2001-12-01"
lastAnnUpdateRelease="TrEMBLrel. 19" database="TrEMBL' >
<proteinName>Organic cation transporter-like protein 2<ev
xlink:href=" j054959-EIl" /></proteinName>
<genes>
<gene name="Slc22al1">
<ev xlink:href="i054959-EI3"/>
<altName>Orct12<ev xlink :hre£=" #054959Ell" 1></altName>
</gene>
</genes>
<organisms>
<organism>
<name type="scient.ific name">Mus musculus </name>
<name type="preferred common name">Mouse</name>
<t.axld db="NCBI">l0090<ev xlink:href=" #054959EP2" 1></taxld>
<classificat.ion>
<taxon>Eukaryota</taxon>
<taxon>Metazoa< / taxon>
<taxon>Chordata</ t.axon>
<taxon>Craniata</taxon>
<taxon>Vertebrata</taxon>
<taxon>Euteleos tomi< 1taxon>
<taxon>Mammalia<1 taxon>
<taxon>Eutheria</taxon>
<taxon>Rodentia</t.axon>
<taxon>Sciurognathi</ taxon>
<taxon>Mur idae< / taxon>
<taxon>Murinae<1taxon>
<t.axon>Mus< I taxon>
<I classif ication>
</organism>
</ organisms>
<references>
<reference id="054959-1">
<reports>
<report>SEQUENCE FROM N. A. <I report.>
</reports>
<incomplete year=" 1998" >
<ev xlink:href="it054959-EIl" I>
<title>Divergently transcribed overlapping genes
expressed in liver and kidney and located in the llp15. 5
imprinted domain.</title>
<authors>
<autnor name=cooper P.R •. '/>
<author name:::"Smilinich N.J." I>
<aut.hor name="Shows T.B." I>
<aut.hor name="Higgins M,J."I>
</aut.hors>
<journal nam.e="Genomics" I>
<I incomplete>
</reference>
<I referenCes>
<dbreferences>
<dbreference db="EMBL" primary="AF037065"
secondary="AAC04788.1" st.atus="-">
<evxlink:href="i054959-EI1" I>
</dbreference>
<dbreference db="MGD" primary="MGI: 1336884
secondary="Slc22all" >
<ev xlink:href="i054959-EI3" I>
</dbreference>
< I dbreferences>
<sequence checksum="BF9ECIA679AC3273 " length="409"
weight=" 43285 n>
<1-- ....
</sequence>
<evidences>
<evidence id="054959-EI1" category="import" t.ype="EMBL"
dat.e="2001-09-30">
<attribute>AAC04 788 .1</att.ribute>
</evidence>
<evidence id:::"054959-EI3" cat.egory="import."
t.ype="MGD_ADD" date="2001-10-30">
<at.tribute>MGI: 1336884</att.ribut.e>
</evidence>
<evidence id= n 054959-EP2" categorY= '. program"
t.ype="TrEMBL" date=" 2001-·09-30">
<attribute>AAC04 788 .1</attribute>
</evidence>
</evidences>
</ent.ry>
<I swissprot>
If

Three major releases of TrEMBL were published during
2002, and weekly 'work releases': complete updates of the
SWISS-PROT/TrEMBL dataset.

Management in Oracle

Figure I. Example of a partial XML formatted TrEMBL entry
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EMBL Nucleotide Sequence Database

The flow of data into our sequence databases reflects the
flow of information from DNA/RNA to protein. An urgent
task has been to closely couple the production of TrEM BL
and the EMBL Nucleotide Sequence Database, facilitated by
implementing TrEMBL in a similar Oracle schema as for
EMBL, and thereon enabling TrEMBL data to inherit much
automatically from the annotation of its parent nucleotide
sequence.This is nearing completion and we expect production mode in early 2003.

Further automation of procedures for production of daily
updates of data and complete quarterly releases has kept us
on top of the increased data flow. As usual, 4 complete
releases of EMBL were published (EMBL 70-73), and daily
updates published most days of the year. By December 2002,
there were over 20 million sequences in the public database.

Automatic protein annotation

Whole genome shotgun sequences

Development of automatic annotation for protein
sequences, to help overcome some of the intrinsic human
curation bottlenecks, has been the focus of much research
and development. RuleBase has been one project to document rules by which annotation can be safely applied to new
data, and we now cover 39% ofTrEMBL sequences with 550
rules. Additionally, we have developed a pipeline system for
automatic annotation, including a TrEMBL flat-file parser
(YASP), PMML converter (converting decision-trees based
on Rulebase and Spearmint to PMML format), tools to apply
the rules to the Aristotle data model (Pythia) and to dump
the results into annotated TrEMBL flat-files. Two trial runs of
TrEMBL production have been executed to develop the system. When TrEMBL production is managed within Oracle
RDBMS (above), the automatic annotation system will be
applied to this implementation instead ofTrEMBL flat-files.

Accession Number (Jr Sequence Version: AC067752
Snapshot at

r
r

Data release

Several new genomes (mouse, rat, Fugu, rice, mosquito) were
sequenced by the whole genome shotgun method and we
needed to react quickly to a new mode of data flow. These
genomes were submitted as a complete set of assemblies,
accessioned together, to be later updated and replaced by an
entirely new set of accessioned entries. A separate exchange
and distribution procedure was agreed and implement with
GenBank to avoid these data overwhelming the normal distribution channels.

Third Party Annotation (TPA)
To satisfy the demand to capture annotation and analysis
performed on existing sequence data by third parties (scientists other than the original data submitters), we implemented this new data category. The main technical development
was the mechanism to document within the TPA record the
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Figure 2. An example result from a query to the sequence version server, documenting the history of sequence accession number
AC067752.
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source of the original sequence data, using sequence versions and base ranges, and validation of this information.

CONstructed sequences
A category of sequences termed CON (constructed) has
been discussed and exchanged experimentally with
GenBank/DDBj for a year or two, but in 2002 we published
this dataset officially. It provides a mechanism to represent a
sequence constructed out of other existing sequences in the
database. The typical case is a complete bacterial genome
where the parts have been sequenced and deposited in the
database over time, and/or where the complete sequence is
longer than the current database limits (350kb) for a
sequence. The CON entry essentially contains the information about sequence versions and base ranges required to
required in order to construct the complete sequence.

Sequence Version server
This major new resource was launched in December 2002.
It is an archive of previously published sequences, providing
access to sequence entries from release I of the EMBL
Nucleotide Sequence Database to the present and including
all sequence and annotation changes which have occurred
over time. This resource is important to support explicit
citation of sequence versions used in a published analysis (eg
multiple alignment), and to ensure that TPA and CON
entries document the correct sequence versions used in
their construction. Additionally, patent attorneys often wish
to see the exact state of a sequence entry at a given date
when establishing prior art.There is an interactive web interface at www.ebLac.uk/embl/sva and a cgi interface enabling
direct links to specific sequence versions, e.g.,
www.ebi.ac .u k/cgi -bin/d bfetch? d b=SYA&i d =AC06 7752.4
&format=default Results can be returned in original EMBL
flat-file format, or fasta format. In the web interface, differences between pairs of entries can be highlighted. In
December 2002 the archive comprised just over 100 million
records, compared to the 20 million in the current version
of EMBL.

Annotation systems
In-house development of web submission tools Webln and
Webln-Align has continued to automate the process of individual sequence submissions. In-house curation and data
input tools based on Oracle*Forms are gradually being
replaced by customised java applications to enable more
flexibilty and eliminate a dependency on Forms technology
and need to maintain Forms programming expertise in the
group.

InterPro
Within the InterPro project, the database production
pipeline has been stabilised this year, and the external web
interface re-written to be more robust under user stress.
This has become a popular resource. Other development
has included the implementation of a reference manager and
automation of MEDLINE integration, and software to map
between
structural
data
in
PDB/MSD
and
InterPro/SCOP+CATH.

IMGT - www.ebLac.uk/imgt
We continue to pass immunoglobulin and T-cell receptor
sequence data to the IMGT specialist annotation team at
LIGM/Montpellier. Also HLA data curated by the Stephen
Marsh group at the Anthony Nolan Research Foundation is
served from Oracle databases at the EBI, and recently MHC
data from non-human primates, dogs and cats have been
incorporated.

IntEnz
A new EU-funded project was initiated with the goal of producing an integrated enzyme nomenclature database, in collaboration with IUBMB, SIB (ENZYME database) and Uni
Koeln (BRENDA). The goal is to create a single relational
database containing enzyme data from three different
sources. The EBI has already implemented a relational database version of the ENZYME database of the SIB. The relational database IntEnz will be populated by the corresponding data from the Enzyme Classification list of TCD and
from BRENDA. Resolving any discrepancies between the
equivalent data fields from these three data sets is the first
step towards a controlled vocabulary for biochemical terminology. These common data comprise the EC number, recommended name of an enzyme, systematic name of an
enzyme, alternative name(s) of an enzyme, catalytic activity,
cofactors, comments, and references.We are also developing
tools allow propagation of new and updated biochemical
terminology to the other partners. The representation of
enzyme data will be done in a number of different ways,
including a jCBN/IC-IUBMB authorised view of the data.

IUPHAR
Another new project launched is a receptor nomenclature
database in collaboration with the Nomenclature
Committee of the International Union of Pharmacology.
IUPHAR RD is a relational database for receptor data, supplementing in this electronic form the printed version of the
IUPHAR Compendium of Receptor Characterization and
Classification 2000. The database represents all receptor
information and links to references, allowing the user to
search for receptor names, ligand names and receptor codes.
http://www.iuphar-db.org/

Alternative Splicing Database (ASD)
ASD is a new project to create a high quality data set of
human transcript-confirmed constitutive and alternative
exons and introns. During 2002 this project was brought
into the group under the umbrella of the Integra project.
Initial work has included prototyping analysis tools and database design.

Other projects

EMMA - European Mutant Mouse Archive

The mouse is an important model organism for understanding the function of novel genes and mouse mutants have
proven to be invaluable for the investigation of human diseases. EM MA was established to stock, preserve and re-distribute mutant mouse strains produced for biomedical
research. The EuroComp project aims to provide new
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mouse mutants in a phenotype-driven large-scale mutagenesis programme. The EBI role is to provide database infrastructure for EMMA and to provide a common interface to
the EuroComp resources for external users. This work is
extended within the EMMAnet and EMMAWorks EU-funded
projects.
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Scope
The EMBl Nucleotide Sequence Database (Stosser et 01.,
1999) incorporates, organises and distributes nucleotide
sequences from all available public sources. The database is
located and maintained at the European Bioinformatics
Institute (EBI) near Cambridge, UK.
Databases operated at the EBI include the EMBl Nucleotide
Sequence Database (a.k.a. EMBl-Bank), protein databases
SWISS-PROT & TrEMBl (Bairoch et 01., 2000), InterPro
(Apweiler et 01., 200 I), the Macromolecular Structure
Database (E-MSD), ArrayExpress for gene expression data
(Brazma et 0/., 2002), ENSEMBl (Hubbard et aI., 2002) for
automatic genome annotation plus several other databases
many of which are produced in collaboration with external
groups.
In an international collaboration with DDBJ Uapan)(Tateno
et 01., 2000) and GenBank (USA) (Benson et 0/., 2000), data
are exchanged amongst the collaborating databases on a
daily basis to achieve optimal synchronisation. Webin is the
preferred web-based submission system for individual sub-

mitters, while automatic procedures allow incorporation of
sequence data from large-scale genome sequencing centres
and from the European Patent Office (EPO). Database
releases are produced quarterly. Network services allow
free access to the most up-to-date data collection via FTR
email and World Wide Web interfaces. EBl's Sequence
Retrieval System (SRS) integrates and links the main
nucleotide and protein databases plus many other specialized molecular biology databases. For sequence similarity
searching, a variety of tools (e.g. Fasta, BLAST) are available
which allow external users to compare their own sequences
against the latest data in the EMBl Nucleotide Sequence
Database and SWISS-PROT All resources can be accessed
via the EBI home page at http://www.ebLac.uk.

Growth
EMBl-Bank Release 73 (Dec 2002) contains more than 20
million sequence entries comprising 28 Gigabases. Over the
last 12 months the database has nearly doubled in size (compare Dec 200 I: 15 Gigabases).Within a 12 month period the
database size has increased from about 12.9 million entries

Figure I.
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comprising 13.8 Gigabases (Release 68, September 200 I) to
20 million entries and over 28 Gigabases (Release 73,
December 2002). The database growth has been a direct
consequence of ongoing collaborations with sequencing
projects like the Mouse Genome Sequencing Consortium
(MGSC), the International Anopheles Genome Project and a
growing number of other genome sequencing groups producing large quantities of new sequence data. During the
same period the number of organisms represented in the
database has risen by -25% to over 100000 species.

Submissions to EMBL-Bank
Three major sources contribute to the EMBL database: individual scientists, who submit data directly to the database,
genome project groups which produce very large volumes of
nucleotide sequence data over an extended period of time,
including bulk submissions of ESTs, STSs, GSSs or large
genomic records (high-throughput and finished data) and
sequence data from the patent literature via the European
Patent Office (EPO). Researchers submitting new sequences
directly to the EMBL database use either the Internet
(WEBIN) or a stand-alone software tool (SEQUIN).WEBIN
is an Internet based system developed at the EBI for submission of nucleotide sequences to EMBL-Bank. Detailed
information for submitters is available from the EBI WEB
pages (URL: http://www.ebLac.uk/Submissions/index.html)
or the reference card 'Quick Guide to Sequence
Submissions' edited by EMBNET.

Webin
'Webin' is EMBL's preferred submission system for
nucleotide sequences and biological annotation information.
Webin is designed to allow fast submission of single, multiple
or very large numbers of sequences (bulk submissions) and
is available at URL: http://www.ebi.ac.uk/embl/Submission/
webin.html

Genome Project Submissions
EBI staff work closely with sequencing centers to ensure
timely incorporation of new data into EMBL-Bank for public
release. Database entries produced at the research site are
deposited and updated directly by the genome project submitters using FTP or email. Groups producing large volumes
of genome sequence data over an extended period of time
are encouraged to submit to an EMBL submission account
and are are advised to contact the database at:
datasubs@ebi.ac.uk.

Alignment Submissions
'Webin-Align' (Lombard et 01., 2002) is a web-based submission tool for submission of multiple sequence alignments in
all common alignment formats. 'Webin-Align' is available at
http://www.ebi.ac.uk/embl/Submission/aligntop.html. EMBLAlign is a public dataset of multiple sequence alignments and
can be queried from the EBI SRS (Sequence Retrieval
System) server.

Why is it essential to submit new
sequences and annotations?

just try to imagine, where molecular biology and genome
research would be today without free access to the comprehensive collection of nucleotide sequences and biological
annotations provided by EMBL-Bank in collaboration with
DDBj and GenBank for nearly two decades now. The up-todate repository of primary nucleotide sequences is an essential requirement for further computational analysis and
genome research and todays' molecular biologists depend on
free access to all nucleotide sequence data available worldwide. Discovery of novel genes, identification of homologous
genes, analysis of alternative splicing and detection of polymorphisms are only some of the uses of the database in the
context of biomedical research, and this will only increase as
large-scale sequencing efforts keep on depositing more highthroughput sequence data (HTG) and as more finished
genomes are being added to the database.

The International Nucleotide
Sequence Database Collaboration
DDBj Uapan), GenBank (USA) and EMBL exchange new and
updated data on a daily basis to achieve optimal synchronisation. The three databases adhere to a set of documented
guidelines (The DDBj/EMBL/GenBank Feature Table
Definition) which regulate the content and syntax of the
database entries. These guidelines ensure that the data continue to be made available in a format that can be exchanged
efficiently between the databases, is compatible with current
bioinformatics software and reflects developments in the
fields of molecular and general biology.
This strong and successful collaboration is based on daily
interactions between database staff as well as working meetings amongst the databases.
Annual meetings of database representatives provide a
forum for technical discussions concerning detailed aspects
of the work. In May 2002, the Int. Nucleotide Sequence
Databases Collaborative Meeting was held in Mishima
Uapan) followed by the Int. Advisors Meeting. Discussions
between database staff and the International Advisors to
DDBj/EMBL/GenBank resulted in the publication of the
'Nucleotide Sequence Database Policies' (Brunak et 01.,
2002).
The EMBL/DDBI/GenBank Feature Table is an ongoing collaborative project. Format and definitions of the biological
annotation used in common by the International Nucleotide
Sequence Database Collaboration in the creation and maintenance of DDBj, EMBL and GenBank sequence records is
constantly revised and updated. Annual versions of the
International Feature Table Definition Document are produced and maintained at the EBI. Version 5.0 of the Feature
Table documentation has been made available from the EBI
WWW and FTP servers in December 2002.
The comprehensive sequence-based collaborative taxonomy
includes over 100,000 different species, aiming to centralise
the classification of all organisms appearing in the nucleotide
sequence database. Entries are not released into the public
domain until the sequenced organism is classified. Organisms
are identified at the species level in the taxonomy database.
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Integration with other databases
Interconnectivity between biomolecular databases has
become essential for utilising the wealth of information
becoming available. Where appropriate, EMBL-Bank entries
are cross-referenced to other databases like the Eukaryotic
Promoter database TRANSFAC, Flybase,TrEMBL and SWISSPROT. SWISS-PROT itself is linked to many different databases thus providing a focal point for database interconnectivity. Cross-references to external databases are represented in the EMBL flat file line type 'DR' and where appropriate,
at the feature level via the feature qualifier /db_xref. These
cross-references allow access to additional information that
is more appropriately stored in other dedicated databases.
Example: /db_xref="SWISS-PROT:P28763"
In December 2002 EMBL-Bank included a total of 4,784,533
links to other databases.

New Cross-References to GOA (GO AnnotQtion)
GOA (http://www.ebLac.uk/GOA/) is a project at the
European Bioinformatics Institute to provide assignments of
gene products to the Gene Ontology (GO) resource. The
goal of the Gene Ontology Consortium is to produce a
dynamic controlled vocabulary that can be applied to all
organisms. In the GOA project, this vocabulary will be
applied to a non-redundant set of proteins described in the
and Ensembl databases that collectively provide complete proteomes for Homo sapiens and other
organisms.
EMBL Release 73 includes more than 730,000 new crossreferences to GOA (GO Annotation)
Example:
ID

HSFOS

AC

K00650; M 16287;

DR
DR
DR
DR

EPD; EP I I 145; HS_FOS.
GDB; I 19917; FOS.
GOA; POI 100; POI 100.
SWISS-PROT; PO I 100; FOS_HUMAN.

FT

CDS

XX

FT
FT
FT

standard; DNA; HUM; 6210 BP.

join(889.. 1029, 1783..2034,
2466..2573,2688.. 3329)
/codon_start= I
/db_xref="GOA:PO I 100"
/db_xref="SWISS-PROT:
POI 100"

Biological annotation and database
curation
In the era of high-throughput genome project data, the
importance of careful curation of individual sequences
directly submitted by individual researchers and discussed in
the scientific literature is obvious. It is such sequences, which
have often been the subject of experimental research elucidating features and function, while genome project submissions in most cases will 'only' include preliminary gene annotations based on gene prediction programs. Sequence annotation is an essential part of EMBL sequence records and
current database policy is to reject submissions for which no
sequence annotation has been provided, unless these

describe expressed sequence tag sites (ESTs) or unfinished
high throughput genome sequences (HTGs). In particular, it
is essential to provide locations of coding regions, even when
partial or preliminary, to allow inclusion of the corresponding translated protein sequence in the protein databases
(TrEMBL and SWISS-PROT).
Biological curators and database specialists manage the collection and distribution of the EMBL nucleotide sequence
database, independent of whether sequence data and associated biological information are submitted via the WWW
submission system 'Webin' or one of the specialized submission procedures for genome project data. While genome
project submissions are processed in large numbers using
semiautomated systems, all other types of sequence records
are processed manually to ensure biological integrity and
internal consistency with annotation rules established by the
International Nuclotide Sequence Database Collaboration
DDBj/EMBL/Genbank. During 2002, EMBL curators have
processed more than 85,000 sequences (not including
genome project submissions) directly submitted by individual
scientists via Webin.

Protein translations
Translation of all protein coding regions in EMBL entries
(represented by CDS features) are automatically added to
the TrEMBL protein database. SWISS-PROT curators draw
from this pool to subsequently create the SWISS-PROT
database. EMBL nucleotide entries are cross-referenced (via
the /db_xref qualifier) to the TrEMBL and SWISS-PROT databases.

Patent sequence data
The EMBL database continues to collaborate with the
European Patent Office to capture patent sequences from
patent applications. American and japanese patent sequence
data are integrated from NCBI (USA) and DDBj Uapan).
Release 73
(Dec 2002) includes more than 899,500 patent sequence
entries (compared to 429,000 in Dec 200 I)

Major new developments in 2002:
New CON(struct) Division
The new CON database division represents Con(structed)
or Con(tig) sequences of chromosomes, genomes and other
long sequences constructed from segment entries.
Nucleotide sequence records in EMBL (as well as in DDBj
and GenBank) currently have a size restriction of 350,000
bases. Sequences > 350 kb are split into smaller segment
entries prior to inclusion in the database. Segment entries
include sequence data, are assigned individual accession
numbers and are distributed in the appropriate taxonomic
divisions. In contrast, CON division entries do not contain
sequence data per se, but rather the assembly information
including all accession.versions and sequence locations relevant in building the contig sequence. CON sequence entries
follow the daily data exchange mechanism between
DDBj/EMBL/GenBank.
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ID

BSXX

AC

ALO 09126 ;

SV

AL009126.1

DT
DT

18-MAY-2001 (ReI. 67, Cl:eated)
18-MAY-2001 (ReI. 67, Last updated, Vel:sion 1)

DE

B ac ill us sub t.il is c omple te genome.

xx
xx
xx
xx

xx

standal:d; cil:culal: DNA; CON; 4214814 BP.

KlJ

xx
OS
OC
OC

B ac ill us sub til is
Bactel:ia; Fil:micutes; Bacillus/Clostl:iditun. gl:OUp; Bacillales;
B ac ill ac eae; Baci 11 us.

CITATI ON
F1:I
F1:I
IT
IT
IT
IT
XX
CO
CO
CO
CO
CO
CO
CO

1/

Key

Loc ation/Quali fie l:S

soul:ce

1 .. 4214814
/ db_x l:ef=" taxon: 1423"
I Ol: ganism= "B ac ill us sub til is"
/ stl:ain=" 168"

j 0 i n (2 99104. 1: 1 .. 213080, 2991 05 . 1: 18431. . 221160 , 2 991 06 . 1 : 1 30 61. . 2 0910 0 ,
299107.1: 11151. .213190,299108.1: 11071..208430,299109.1: 11751..210440,
2 99 110 . 1 : 1 55 51. . 2 16 75 0 , 2 99 Ill. 1: 163 51 .. 208 23 0 , 29 911 2. 1: 46 01. . 2 08 78 0 ,
299113.1: 26001. .233780,299114.1: 14811 .. 207730,299115.1: 12361..213680,
299116.1: 13961. .218470,299117.1: 14281 .. 213420,299118.1: 17741..218410,
299119.1: 15771. . 215640,Z99120.1: 16411 .. 217420,299121. 1: 14871..209510,
299122.1: 11971. .212610,299123.1: 11301 .. 212150,299124.1: 11271..215534)

CON entries are available in the EMBL.con file at
ftp://ftp.ebLac.uk/pub/databases/embl/release/, from the EBI
Genome Web server at URL http://www.ebLac.uk/genomes/
and also in the FTP Genomes directory
at
ftp://ftp.ebi.ac.uk/pub/databases/embl/genomes/,
where
CON entries are also complemented by EMBL flat-files
including the complete DNA sequence and biological annotation. For an example see ftp://ftp.ebLac.uk/pub/databases/embl/genomes/Bacteria/bsubtilis/AL009126.embl.
Furthermore, the complete CON sequence is made available
in Fasta format. Underlying segment entries are searchable
and retrievable via SRS and available for BLAST and FASTA
homology searching.

Figure 2. Relevant sections of the Bacillus subtilis
CON entry providing construct information for the
assembly of the Bacillus subtilis bacterial genome
(4.2 Mbases) from segment entries «350 kb).

WGS data are available via EBI's Sequence Retrieval System
SRS and from EBI's FTP server at ftp://ftp.ebLac.uk/pub/databases/embl/wgs.

Third Party Annotation Dataset
(TPA)

Methods using whole genome shotgun data are now used to
gain a large amount of genome coverage for an organism.A
complete list of WGS data currently available is maintained
at http://www.ebLac.uk/genomes/wgs.html.

Following a decision taken at the 2002 Collaborative
Meeting, DDBJ/EMBL/GenBank are in the process of creating a Third Party Annotation dataset (TPA). Until now, the
collaborative databases have built a comprehensive database
of primary nucleotide sequences, resulting from direct
sequencing of cDNAs, ESTs, genomic DNAs etc. Primary
data are defined to be data for which the submitting group
has done the sequencing and biological annotation, and as
'owner' of these data has privileges to submit updates/corrections etc. In contrast, non-primary sequences are defined
as sequences which a) consist exclusively of DNA from one
or several already existing entries 'owned' by other groups
or b) consist of a mixture of new primary & already existing
sequences.

Example

Categories of data submissions accepted for TPA include:

Whole Genome Shotgun Sequences
(WGS)

of

AAAAO I00000 I. I

WGS

accession-number

format:

WGS accession-numbers consist of
<4
<4
<2
<6

with

letters><2 digits><6 digits>.<version>
letters> = set_id
digits> = set_version
digits> = contigjd

<version>

= sequence_version

Oryza sativa L. ssp. Indica Whole Genome Shotgun sequences
have

been

assigned the project accession-number
AAAAOOOOOOOO. The first version of the project has the
accession number AAAAO I000000 and the first sequence in
that set has acc#.version AAAAO I00000 1.1 When a given
WGS project is updated, ALL contigs from the first version
are replaced by ALL contigs from the second version.

a. re-annotation/analysis
DDBJ/EMBL/GenBank

of

sequence(s)

from

b. mixed primary/non-primary TPA sequence including
regions of new and existing sequence (e.g. filling the gaps
with HTG or EST or newly sequenced data)
c. TPA sequences based on trace archive data
d. TPA sequences based on Whole Genome Shotgun
(WGS) sequences Categories of data submissions that
will be accepted for TPA include:
Information on contributing sequences will appear in the
EMBL TPA record with new flat-file line-types AH/AS like in
this example:
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AH

TPA-SPAN

PRIMARY_IDENTIFIER

PRIMARY_SPAN

AS

1-426

AC004528.1

18665-19090

AS

427-526

AC001234.2

1-100

COMP

c

The AH (Assembly Header) line provides column headings
for the assembly information. The AS (ASsembly) lines provide information on the composition of the TPA sequence by
listing base span(s) of the TPA sequence together with identifiers and base spans of contributing sequences.

TPA submission system
EBI's submission system WEBIN has been customised to
allow submissions of TPA sequences to the EMBL
Nucleotide Sequence Database. WEBIN is available at URL
http://www.ebLac.uk/embl/Submission/webin.html

TPA release policy
In order to assure that the sequence annotation is of high
quality, we will be requiring, that the study has been published in a peer-reviewed journal before we release the data
to the public.

During 2002 the following EMBL-Bank releases have been
produced.
•

Release 70, March 2002

•

Release 71, june 2002

•

Release 72, September 2002

•

Release 73, December 2002

The according Release Notes are available from the EBI
U RL: http://www.ebi.ac. uk/em bl/Documentation/release
info.html

EBI network services
Network services allow access to the most up-to-date data
collection via the Internet. Data access to sequence data at
the EBI is also granted via Email using the netserver or interactively via the WWW where the main service is composed
of an SRS server. Additionally, databases as well as software
can be downloaded from the EBI's FTP server.

TPA data exchange

Sequence Retrieval System (SRS)

TPA
sequences
are
exchanged
amongst
the
DDBj/EMBL/GenBank database collaboration on a daily
basis, as a complement to the existing primary
DDBj/EMBL/GenBank database.

The SRS server at the EBI integrates and links a comprehensive collection of specialised databanks along with the main
nucleotide and protein databases. The SRS system allows the
databases to be searched using, for example, sequence, annotations, keywords, author names. Complex, cross-database
queries can also be executed and users should refer to the
detailed instructions which are available online.

TPA data access
The TPA data collection is available via the EBI FTP server at
ftp://ftp.ebLac.uk/pub/databases/embl/tpa and also via EBI's
Sequence Retrieval System (SRS) at http://srs.ebLac.uk.

EMBL Sequence Version Archive
(SVA)
In order to provide access to previous versions of database
records, the EM BL database has established a Sequence
Version Archive (SVA). Data in the EMBL nucleotide
sequence database change over time for a number of reasons, e.g due to updates/corrections or extensions based on
new findings from more recent experiments. Each time data
in an entry are modified, the entry is assigned a new entry
version number.

Querying the EMBL Sequence Version Archive
The EMBL Sequence Version Archive is available from the EBI
web-servers at URL http://www.ebLac.uk/embl/sva/.
Entry(ies) are viewable by either accession number,
nucleotide sequence identifier and protein identifier.
Query results options allow to
a. show the complete history for an entry, i.e. all recorded
flat files matching the query criterion in chronological
order or
b. show a snapshot of the entry at a particular date. Query
results will be presented in a table, listed EMBL entries
can be 'Viewed' on Screen' or 'Saved to File'.
c. show differences between entry versions

Database releases
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Sequence Searching
The EBI provides a comprehensive set of sequence database
searching algorithms that can be accessed both interactively
from
the
EMBL-EBI
WWW
site
(URL:
http://www2.ebLac.uk/) or by email. EMBL may be searched
as a whole or by individual taxonomic division. The most
commonly used algorithms available are Fasta3 and NCBIBlast2 . Fasta3 will find a single high-scoring gapped alignment
between the query nucleotide sequence and database
sequences. Comparisons between a nucleotide sequence
and the protein databases can be made using fastx/y3, whilst
tfastx/y3 allows comparisons between a protein sequence
and the translated DNA databank. Ssearch3, the generic
implementation of the Smith & Waterman algorithm for
nucleotide and protein database searches is provided as part
of the fasta3 package. BLITZ (Bic_SW) facilitates more sensitive searches using the Smith and Waterman algorithm.
WU-Blast2 and NCBI-Blast2 are fast algorithms for
sequence searching that allow gaps, but which may find more
than one match to the database sequences if multiple
domains exist.

Sequence analysis
Specialised sequence analysis programs are available from
the EBI. Such services include multiple sequence alignment
and inference of phylogenies using CLUSTALW, Gene prediction using GeneMark, pattern searching and discovery
using PRATT: as well as applications which have been developed in-house for various projects.
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TITLE

URL

General
EMBL-EBI Home Page

www.ebi.ac.uk/

EMBL Nucleotide Sequence Database

www.ebi.ac.uk/embl/

Documentation
EMBL Database Documentation Page
Database User manual
Database Release Notes

www.ebi.ac.uk/embI!Documentation/
www.ebi.ac.uk/embI!Documentation/User manual!
usrman.html
www.ebLac.uk/embl/Documentation/Release notes/current/
relnotes.html

The DDBJ/EMBL/GenBank Feature Table Document

www.ebLac.uk/embl/Documentation/FT definitions/feature
table.html

Taxonomy Database

www3.ncbi.nlm.nih.gov/Taxonomy/tax.html

Example Database Entry

www.ebLac.uk/cgi-bin/emblfetch?x640 I I

WEBALIGN: Sequence Alignment Submissions

www.ebi.ac.uk/embl/Submission/alignment.html

WebFeat: feature table keys/qualifiers definitions

www3.ebLac.uk/Services/WebFeat/

Annotation Examples: EMBL entry examples.

www3.ebi.ac.uk/Services/Standards/web/

DE line Standards: guidelines for entry definitions

www.ebi.ac.uk/embl/Documentation/delinestandards.html

Submissions
Submission of Nucleotide Sequence Data

www.ebi.ac.uk/embl/Submission/

Information for Submitters Document
Vector Scanning prior to submission

www.ebi.ac.uk/embI!Documentation/information for
submitters.html
www.ebi.ac.uk/blastall/vectors.html

WEBIN: web-based sequence submission system

www.ebi.ac.uk/embl/Submission/

SEQUIN: stand-alone sequence submission tool

www.ebi.ac.uk/Services/Sequin/

Genome Project Submission Account guidelines

www3.ebi.ac.uk/Services/GenomeSubm/

WEBUP: sequence update form

www.ebi.ac.uk/Services/webin/update/update.html

Access
Access to servers, query tools and data archives

www.ebLac.uk/embl/Access/

Sequence Retrieval Service (SRS)

http://srs.ebLac.uk/

FTP server

ftp://ftp.ebLac.uk/pub/databases/embl/

Current Database Release

ftp://ftp.ebi.ac.uk/pub/databases/embl/release/

Sequence Tagged Sites (STS) resources

www.ebi.ac.uk/embl/Access/sts.html

Expressed Sequence Tag (EST) resources

www.ebLac.uk/embI!Access/est.html

Third Party Annotation Database (TPA)

ftp://ftp.ebLac.uk/pub/databases/embl/tpa/

Sequences from the patent literature

ftp://ftp.ebLac.uk/pub/databases/embl/patent/

Genome Data
Completed Genomes Web Server

www.ebi.ac.uk/genomes/

Genome FTP server

ftp://ftp.ebLac.uk/pub/databases/embl/genomes/

Whole Genome Shotgun Dataset

ftp://ftp.ebLac.uk/pub/databases/embl/wgs/

EnsEMBL: automated analysis of genome data

http://ensembl.ebLac.uk/

Genome MOT: status of genome projects

www.ebLac.uk/Databases/GenomeMOT/genomemot.html

Database Searching, Browsing and Analysis Tools
Access to searching, browsing and analysis tools

www.ebLac.uk/Tools/

Table I. EMBL-Bank internet-based resources including detailed information
base searching and analysis tools.

on

submissions, data access, genome data

as

well as data-
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Publications during the year
Brunak, S., Danchin,A., Hattori, M., Nakamura, H., Shinozaki,
K., Matise, T & Preuss, D. (2002). Nucleotide sequence database policies. Science, 298, 1333
Lombard,V, Camon, E.B., Parkinson, H.E., Hingamp,
Stosser, G. & Redaschi, N. (2002). EMBL-Align: a new public
nucleotide and amino acid multiple sequence alignment
database. Bioinformatics, 18, 763-764
Stosser, G., Baker,W, van den Broek,A., Camon, E., GarciaPastor, M., Kanz, C., Kulikova, T, Leinonen, R., Lin, Q.,
Lombard,V, Lopez, R., Redaschi, N., Stoehr,
M.A.,
Tzouvara, K. & Vaughan, R. (2002). The EMBL Nucleotide
Sequence Database. Nucleic Acids Res., 30, 21-26

Other references
Apweiler, R.,Attwood,T.K., Bairoch,A., Bateman,A., Birney,
E., Biswas, M., Bucher, Cerutti, L., Corpet, F., Croning,
M.D., et aI., (2001). The InterPro database, an integrated
documentation resource for protein families, domains and
functional sites. Nucleic Acids Res., 29,37-40

Bairoch,A. & Apweiler, R. (2000). The SWISS-PROT protein
sequence database and its supplement TrEMBL in 2000.
Nucleic Acids Res., 28, 45-48
Benson, D.A., Karsch-Mizrachi, I., Lipman, D.j., Ostell, j.,
Rapp, B.A. & Wheeler, D.L. (2000). GenBank. Nucleic Acids
Res., 28, I5-18
Brazma, A., Sarkans, U., Robinson, A., Vilo, j.,Vingron, M.,
Hoheisel, j. & Fellenberg, K. (2002). Microarray data representation, annotation and storage.Adv. Biochem. Eng.
Biotechnol., 77, 113-139
Hubbard,T., Barker, D., Birney, E., Cameron, G., Chen,'r.,
Clark, L., Cox, T, Cuff, j., Curwen, V, Down, T et 01., (2002).
The Ensembl genome database project. Nucleic Acids Res.,
30,38-41
Tateno,'r., Miyazaki, S., Ota, M., Sugawara, H. & Gojobori,T.
(2000). DNA data bank of japan (DDBj) in collaboration
with mass sequencing teams. Nucleic Acids Res., 28, 24-26
Zdobnov, E.M., Lopez, R.,Apweiler, R. & Etzold,T. (2002).
The EBI SRS server-new features. Bioinformatics, 18, I 1491150
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EBI Industry Programme
Programme coordinator:
Team leader:

Graham Cameron
Paul Matthews
*Indicates part of the year only

The EBI's Industry Programme entered its sixth year in 2002,
and its major focus remains the same: to provide training and
research of benefit to the European pharmaceutical, biotech
and consumer-goods industries in the domain of bioinformatics. The Programme continues to evolve to meet the
needs of the members, (see Table I), and as of December
2002, the membership comprised eighteen. Many of the
members view the Programme as an important strategic
alliance within their company, and all have expressed the
view that it remains as relevant to their needs now as when
they first joined the Programme.
AstraZeneca
Boehringer Ingelheim
Bristol-Myers Squibb
F. Hoffman-La Roche

Merck KgaA
Nestle Research Centre
Novo Nordisk
Pharmacia
Procter & Gamble
Serono S.A.
Sanofi-Synthelabo

Aventis
British Biotech
GlaxoSmithKline
Johnson & Johnson
Pharmaceutical Research
& Development
Merck Sharp & Dohme
Novartis
Organon
Pfizer
ScheringAG
Syngenta
Unilever Research
& Development

Table I. Member companies of the fBI Industry Programme during 2002.
The nature of the Industry Programme group has changed
during 2002. A new Industry Programme coordinator, Paul
Matthews, was appointed in June. There has been a move to
disperse the industry supported staff into other groups
within the EBI to enhance the interactions of the Industry
Programme members and the wider research and services
of the EBI. The industry partners' priorities continue to be
communicated through the quarterly Programme partners'
meetings. EBI staff who have been actively involved with
Industry Programme project work during 2002 are listed in
Table 2.
Alvis Brazma
Misha Kapushesky
JaakVilo
Martin Senger
Juha Muila
Tom Oinn
Martina Munzittu

Alan Robinson
Ugis Sarkans
Alphonse Thanaraj
Jean-Jack Reithoven
Lichun Wang
Liz Ford
Paul Matthews

Table 2. fBI staffinvolved with Industry Programme project work
during 2002.

Training and Workshops
The Industry Programme continues its coordination and
organisation of high quality workshops offering expert training to the members in many areas of bioinformatics (see
Table 3). The member companies identify the workshops as
an extremely important part of the Industry Programme and
one of the key contributions to its continued success.
BioJava Boot Camp
InterPro

29 April - I May

18-22 March

Finding & characterising

30-31 May

alternatively spliced genes
Ensembl/Bioperl Programming 18- 20 June
Web Services

28-30 August

Using the Ensembl
Genome Browser

25-26 September

MSD Database

24-25 October

Microarrays and Datamining

10-1 I December

Table 3. Industry Programme workshops organised during 2002.

Reports on Research Projects within
the Industry Programme
Research projects have been ongoing throughout the year,
and these are outlined below.

XEMBL
(Lichun Wang,jean-jack Riethoven,Alan Robinson)
XEMBL is a service tool that employs CORBA servers to
access EMBL data, and distributes the data in XML format via
a number of mechanisms. It is the first Web Service at the
EBI and also the very first public bioinformatics-related Web
Service in the world. It currently has various external users
including academics and commercial companies. The paper
entitled "XEMBL: Distributing EMBL Data in XML Format"
by Wang et al., (2002) has also received attention from outside the EBI.

MEDLINE/BQS
(Lichun Wang, Peter Stoehr, Martin Senger)
The fully loaded Medline Databases are available in Oracle
Database and Verity Collection. Both contain about
I 1837059 citations from the NLM Medline main release and
updates (dated 16 August 2002). Medline Oracle Database
uses InterMedia Text tool for indexing and text search
whereas
Verity Collection employs its Verity engine for text search
and query. Performance comparison between different
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Oracle database designs and settings, and between Oracle
and Verity has been tested and analysed. It shows that using
Oracle InterMedia Text for text search over XML document
is simple, easy to implement and maintain, and generally satisfying the requirements of OpenBQS in terms of functionality. Although Verity may provide more flexibility for text
search and complex queries, it does not provide better performance over Oracle for general and simple queries from
our current implementations. We are currently, in co-operation with Oracle and a DBA, attempting to use Oracle XML
DB for Medline to improve the performance and enhance
functionality.

ASD (Alternative Splicing Data) project

component of the ASD project is to create a manually curated database of alternatively spliced exons (AEDB) as collected from the literature. This database will be integrated
with our computationally generated database of AltExtron.
We have now implemented a prototype collection of such
manually curated data as an oracle database; development of
query web pages and data submission tools is in process.
Pipeline work to develop a production system is in progress.
The schema for the oracle implementation of the AltExtron
data is being redesigned and we are developing further tools
to expand the repertoire of annotation for the AltExtron
data.

(Alphonse Thanaraj Thangavel,jean-jack Riethoven)

Microarray informatics

In the March 2002 Industry Programme meeting, we presented our data sets (namely AltExtron available at
http://industry.ebLac.uk/altExtron) on alternative splicing.
The resource is available in three forms - as flat files, oraclebased web server, and as DAS server. The basic data is the
annotated exon-intron structure of the genes and the transcript-confirmed alternative exon-intron structures. The
annotation includes various features such as: (i) at gene level:
Gene ontology and functional annotation, chromosome
mapping, research annotation; (ii) at intron/exon features
level: annotation against the reference sequence, special features, expression states, and conservation in mouse; (iii) at
Transcripts and transcript groups level: clone library information, tissue information, library sizes, and grouping related
transcripts using various schemas. Genome-scale derivation
of alternative events is in progress. Work on examining the
human splice events for conservation in mouse has added
value to the data.

(Alvis Brazma)
The microarray informatics team has expanded to 22 members during 2002, and the groups own research report outlines their work over the year.

Information dissemination
(Paul Matthews)
The Programme continues to hold quarterly meetings with
the industry partners to report progress and discuss the
management and priorities of the Programme. The Industry
Programme website was re-written to bring it up to date
and in line with the main EBI web pages. The URL has
changed, and its home page can now be found at:
http://www.ebLac.uk/industry/.There continues to be a
restricted area for the member companies that contains
details of meetings and forthcoming workshops, and gives

An EC contract for three-year funding of the ASD project
was obtained with a project start date of I Dec 2002. One

access to all materials, documentation and presentations
given during these.

Publications during the year

Wang, L., Riethoven, J.J. & Robinson,A. (2002). XEMBL: distributing EMBL data in XML format. Bioinformatics, 18,
1147-1148

Clark, F. & Thanaraj, T.A. (2002). Categorization and characterization of transcript-confirmed constitutively and alternatively spliced introns and exons from human. Hum. Mol.
Genet., I I, 45 1-464
Stajich, J.E., Block, D., Boulez, K., Brenner, S.E., Chervitz, S.A.,
Dagdigian, C., Fuellen, G., Gilbert, J.G., Korf, I., Lapp, H.,
Lehvaslaiho, H., Matsalla, C., Mungall, C.J., Osborne, B.I.,
Pocock, M.R., Schattner, Senger, M., Stein, L.D., Stupka, E.,
Wilkinson, M.D. & Birney, E. (2002). The Bioperl toolkit: Perl
modules for the life sciences. Genome Res., 12, 161 1-1618

Other references
Thanaraj, T.A. & Stamm, S. (2003). Prediction and statistical
analysis of alternatively spliced exons. Prog. Mol. Subcell.
BioI., 3 I, 1-3 I
Thanaraj, TA., Clark, F. & Muilu, J. (2003). Conservation of
human alternative splice events in mouse. Nucleic Acids
Res., 31, 2544-2552

- - - - - - - - - - - - - - - - - - - - - - - - - 235 - - - - - - - - - - - - - - - - - - - - - - - - -

EMBL Research Reports 2002

Understanding molecular function of proteins
through their structures
Group Leader:
Scientists:
MRC fellows:
Postdoctoral fellow:
Honorary fellows:
PhD students:
Visitors:

janet Thornton
Victor Chiskof(*, Susan jones, Roman Laskowski, Malcolm MacArthur, Richard Morris*, Hannes
Ponstingl
jonathan Barker, Irilenia Nobeli, Hugh Shanahan, Robert Steward
Irene Nooren*
Richard George, Kevin Murray, Craig Porter, Michael Stevens,james Watson
Gail Bartlett, Tina Eyre, Shiri Freilich,Alex Gutteridge, Gareth Stockwell, Gordon Whamond
Gemma Holliday, Malcolm Murdoch, Christine Orengo, Thibault Varin
*Indicates part of the year only

During our first year at EBI we have focussed increasingly on
exploring the link between the sequence and structure of a
protein and its biological function. As more structures are
determined, we seek to understand more about how molecules recognise each other, how enzymes perform their catalytic role and how proteins and pathways have evolved to
create life. The laboratory works on:

2002). From these validated data we have been able to develop a neural network approach to identifying the catalytic site
in a molecule of unknown function. It is remarkably powerful, making correct predictions in over 75% of enzymes
(Gutteridge et 01., submitted). We are now using these data
to test if they improve genome annotations and to generate
3D templates of catalytic clusters (Dawe et 01., in press).

- Enzyme function and evolution

We completed (Rison et 01., 2002) an analysis of small molecule metabolism in E. coli, finding evidence that neighbouring
steps in the pathway were more likely to be catalysed by
homologous enzymes than expected by chance. However
the numbers involved are small, with only 5% of sequential
enzymes in a pathway having a common ancestor.
Recruitment of enzymes from other pathways is commonplace, suggesting the co-evolution of the metabolic network
in the cell (Rison and Thornton, 2002). The evolution and
control of these pathways in different organisms and tissues
underlies speciation and development, which the accumulation of transcriptome and proteomic data will begin to
reveal.

- Pathway and network analysis and evolution
- Protein - Interactions with small molecules, DNA and
other proteins
- Predicting function from structure
- Protein and gene structure: analysis, prediction and classification
Some of the research highlights are summarised below.
Enzyme activity is essential for almost all aspects of life.With
completely sequenced genomes, the full complement of
enzymes in an organism can be defined, and 3D structures
have been determined for many enzyme families.
Traditionally each enzyme has been studied individually, but
as more enzymes are characterised it is now timely to revisit the molecular basis of catalysis, by comparing different
enzymes and their mechanisms.
Extracting information from the literature by hand, we have
gathered -180 non-homologous enzyme families, and been
able to calculate the frequencies with which different residue
types are involved in catalysis, their role, conservation, solvent accessibility, etc. (Bartlett et 01., 2002). We find many
examples of enzymes that evolve into non-enzymes, through
critical mutations and associated effects on binding substrates. We also found that catalytic residues sometimes
'hop' around the active site to positions local in structure,
but rarely local in sequence (Todd et 01., 2002a,b). This may
or may not change the reaction catalysed or the cognate
substrate. Clearly through duplication and mutation, many
enzymes families have diverged widely, usually conserving
some aspect of their chemistry and sometimes radically
changing the substrate on which they act (Nagano et 01.,

Proteins that are not enzymes are usually involved in molecular recognition, binding to other proteins, DNA (Luscombe
and Thornton, 2002), or a small molecule (Nobeli and
Thornton, 2002). This year we have studied higher order
protein oligomers including those that are known to form
transient interactions, to see if their interfaces can be used
to discriminate between permanent and transient complexes (Nooren and Thornton, 2002a,b). This is a complex field
with many different types of interactions, whose properties
have evolved to optimise their biological function. Whilst
some interactions are controlled solely by concentration
effects, others are triggered by a third molecule or another
protein.The former have smaller, flatter interfaces, whilst the
latter usually involve large conformation changes and can
generate very stable complexes with large interfaces. An
important aspect has been the development of software to
analyse multi-subunit crystal structures and automatically
annotate the multimeric state. In parallel we are continuing
our studies of protein-DNA and protein-ligand interactions
to provide sequence profiles and structural motifs that can
help to identify cognate ligands computationally. Again this
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involves painstaking manual derivation of validated datasets
to be used as the basis of the calculations and development
of tuned and tested software to optimise correct predictions
whilst minimising incorrect assignments. In all these molecular recognition studies we are attempting to use the now
large datasets to improve our understanding of the fundamental energetics of molecular recognition, and how such
interactions are controlled and evolved in biology.
Understanding aggregation and misfolding is important both
practically in the laboratory and also for many diseases.
Much of this work, combined with previous studies, is being
utilised to help predict function from three-dimensional

structure as part of our collaborations on European and U.S.
structural genomics projects. These projects have led to new
problems and questions relating structure to function and
evolution, which require practical solutions. This complements other work on genome annotation (Buchan et al.,
2002), predicting tertiary structure from sequence
(Shepherd et al., in press) including a study of structural
repeats using wavelets (Murray et al., 2002), hierarchical fold(de la Cruz et al.,
ing concentrating particularly on
2002) and
(Steward and Thornton, 2002), diseaseassociated mutations (Martin et al., 2002) and intron/exon
structure.

MULTIMERS

MUTANTS &

S,Nfa

ACCESSIBILITY
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Bartlett, G.j., Porter, C.T., Borkakoti, N. & Thornton, j.M.
(2002). Analysis of catalytic residues in enzyme active sites.
j. Mol. BioI., 324, 105-121
Buchan, D.W, Shepherd,A.J., Lee, D., Pearl, EM., Rison, S.C.,
Thornton, J.M. & Orengo, C.A. (2002). Gene3D: structural
assignment for whole genes and genomes using the CATH
domain structure database. Genome Res., 12, 503-514
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j.M. (2002). Toward predicting protein topology: an
approach to identifying beta hairpins. Proc. Natl. Acad. Sci.
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transforms for the characterization and detection of
repeating motifs. J. Mol. BioI., 3 16, 341-363
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with many functions: the evolutionary relationships
between TIM barrel families based on their sequences,
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CATH protein family database: a resource for structural
and functional annotation of genomes. Proteomics, 2, I 1-21
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Homology, pathway distance and chromosomal localisation
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of enzyme active sites. Trends Biochem. Sci., 27, 419-426
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The major aim of this research group is to exploit the information held in biological sequences and in the differences
between sequences having evolutionary relationships due to
descent from a common ancestor. We use this information
to describe and understand the processes of molecular evolution. This understanding, typically embodied in mathematical models of evolutionary processes, is of value in itself to
help biologists to understand general evolutionary pressures
and processes and also because it enables them to make
inferences about evolutionary relationships and processes of
evolution specific to genes, proteins, genomes and organisms
of particular interest. The group is also actively involved in
the development of these statistical inference techniques.
The following report outlines some of the major areas of
research we have been involved in since joining the EMBLEuropean Bioinformatics Institute in June 2002.

Protein structure and evolution
The well-known Dayhoff et 01. (1978) and related models
describing the relative frequencies of amino acid replacement over evolutionary time assume heterogeneity of the
replacement process across the residues of a protein. In contrast, we have in the past generated several different amino
acid replacement matrices characterising how patterns of
replacement at a site are associated with its structural environment (for example, a-helix ,
coil, turn, transmembrane helix, and considering whether a residue is
exposed to solvent or buried), and have shown that these
structural categories have different evolutionary dynamics
(e.g., Goldman et 01., 1998).
We can combine structure-specific replacement matrices
into a mathematical model that describes the evolution of
protein sequences with known structure, and using hidden
Markov model (HMM) techniques we are able to make evolutionary inferences and structural predictions for proteins
of unknown structure by exploiting the relationships
between protein structure and evolution. Our most
advanced models have 126 HMM states and use I I structural and accessibility categories to represent the structural
architecture of proteins that may have globular and/or transmembrane domains.
Simple evolutionary models that incorporate heterogeneity
of evolutionary rate among sites are generally found to
describe sequence evolution better than corresponding
models without rate heterogeneity, and phylogeny reconstruction seems to be more successful when heterogeneity
is permitted (Whelan et 01.,200 I ).We have recently made an
important addition to the 126-state (and simpler) models,

which can now incorporate rate heterogeneity among sites.
Levels of heterogeneity present in a particular protein are
inferred from a set of aligned protein sequences, also using
information on their evolutionary relationships, and can vary
both within and among secondary structure and solvent
accessibility categories. We are currently testing this new
model, which should give valuable new insights into the causes of evolutionary rate heterogeneity in protein coding
sequences.

Wavelets
Another methodology that permits the linking of evolutionary variations and structural characteristics of proteins is
wavelet statistics (Mallat, 1989). Pietro Lie has previously
implemented change-point, functional ANOVA, variance and
correlation analyses based on wavelets to study transmembrane proteins (Lie and Vannucci, 2000; Vannucci and Lie,
200 I). In particular, wavelet correlation permits scale-byscale decompositions of the variance and correlation of signals. Pietro Lie has recently implemented such methods to
contrast rates of evolution and structural profiles, such as
hydrophobicity, from the same multiple alignment of amino
acid sequences. These methods are being used to analyse a
large set of chemokine receptors, which represent a prime
target for the development of novel therapeutic strategies in
a variety of disease processes, including inflammation, allergy
and neoplasia. A wavelet analysis of the major branches of
the chemokine receptors' phylogeny has led to the hypothesis that receptors very close in the tree can form heterodimers, and reveal different characteristics of amino acid
hydrophobicity and volume propensity in the different subfamilies.

The PANDIT database
Our group has perceived the need for some time for a large
database of protein and corresponding nucleotide sequence
alignments, including (for each alignment) a reliable estimate
of the evolutionary relationships of the sequences. Such a
large body of non-redundant data should prove valuable to a
range of phylogenetic researchers. For those studying factors
involved in the evolutionary process, it will represent a
chance to test hypotheses and draw conclusions about the
relative importance of different molecular processes in
sequence evolution. For those developing new mathematical
models it will provide an empirical examples of the evolutionary process from which to draw inspiration. We have
developed the PANDIT database (see www.ebLac.uk/goldman-srv/pandit) to satisfy this need. PANDIT is based on the
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Pfam database (Bateman et 01., 2002), and contains a large
number (currently c. 4300) of high quality homologous
sequence alignments of protein domains, in both their amino
acid and DNA forms, and good estimates of their corresponding phylogenetic trees.
Currently PANDIT is being employed within the Goldman
group for model development and testing, and a modified
version is the focus for a collaboration to estimate the
prevalence of positive selection in protein evolution (see
below). Within the first few weeks since the official release
of
there has already been interest from a number
of researchers world-wide.

Detecting positive selection
Detecting evolutionary adaptation may play an important
role in post-genomic analysis, linking changes in the function
of a protein to changes in its nucleotide sequence. Detecting
the existence and location of such changes would allow
genomic data to be used to suggest possible regions for further laboratory investigation, or give insight into how various
organisms adapt to their environment (e.g., see Nielsen and
Yang, 1998, for an example involving HIV-I). Methods with a
strong statistical foundation are available to detect whether
positive selection has played a role in the evolution of a family of homologous sequences (Yang et 01., 2000), but there has
been some doubt over how to assess the statistical significance of the results (Anisimova et 01., 200 I).
We have further analysed the tests suggested by Anisimova
et 01. (200 I), so that the statistical significance of any positive
selection indicated can be more accurately assessed. During
the course of this research, we devised several improvements to the tests which increased their power, giving a
greater chance of detecting actual positive selection. The
same research, however, found that under certain circumstances all of the tests previously studied have a high chance
of indicating positive selection when it is not actually present. A new test was developed which is not prone to this
problem; this has been shown to perform comparably to the
previous tests, despite giving stronger guarantees that any
positive selection indicated is genuine.
A collaboration with Prof. Ziheng Yang at UCL, London, is
using both the traditional and novel methods for testing for
positive selection to search the PANDIT database of protein-domain families. Preliminary results are that significant
positive selection is indicated in far more proteins than was
suggested previously: an increase by a factor of 30 over earlier studies. We are in the process of the intensive computations required to finalise and confirm these results.

Improved mathematical models
of codon substitution in protein
evolution
A further development from our research into the detection
of positive selection has been the recognition of the need for
refinement of the evolutionary models used to describe
codon substitutions. Current mathematical models (Yang et
01., 2000) assume that every non-synonymous (amino acid
altering) single nucleotide mutation has an equal probability

of fixation within an evolving species population. The ability
of models based on this assumption to describe real data
was tested using families from the PANDIT database and
found to be wanting. A novel model allowing the probability
of fixation of a substitution to depend on the amino acids
involved improves the situation significantly. Further work is
now underway to determine how such findings will affect the
detection of positive selection.
Current models also assume that evolution occurs only by
independent point mutations at individual nucleotides sites.
A recent empirical study (Averof et 01., 2000) has suggested
that doublet mutations - that is, events that simultaneously
change two neighbouring nucleotides - represent about 2%
of all mutation, far higher than previously suspected.We have
developed new models describing both doublet and triplet
mutation, permitting two (neighbouring), or all three,
nucleotides in a codon to change simultaneously. These
models are currently being applied to the PANDIT database,
in order to estimate the size and significance of the doublet
and triplet mutation effects.
Our preliminary results broadly concur with the results of
Averoff et 01. (2000) and show that mutations resulting in
multiple changes occur on a regular basis in a large majority
of protein-coding sequence data examined, usually representing 1-10% of mutations.We have derived distributions of
the proportion of mutations that occur as doublets or
triplets and, interestingly, our results suggest that triplet
mutation is of equal, if not greater, importance than doublet
mutation. This research indicates that further development
of models that can describe larger mutation events would
better describe sequence evolution. Our future work in
these areas will be directed towards mathematical models of
coding sequence evolution which combine the above ideas:
permitting multiple nucleotide mutations, taking into account
the different fixation probabilities attributable to specific
amino acids being exchanged and investigating the consequent effects on the sensitivity and specificity of tests of positive selection.

Comparative analysis of the human
and mouse genomes
Our group was involved in the preliminary comparative
analysis of the human and mouse genomes published with
the announcement at the end of 2002 of the completed
mouse genome sequence (Waterston et 01., 2002). Nick
Goldman and Simon Whelan, with advice from other members of the group, collaborated with an international team of
scientists led by Prof. David Haussler of the University of
California, Santa Cruz, California, to perform evolutionary
analyses of alignments of the mouse and human genomes.
Two major findings from this part of the study were firmer
evidence for an accelerated evolutionary rate in mouse
(approximately twice that of human, since the time of their
divergence from a common ancestor), giving increased credence to hypotheses that place primates and rodents close
together within the mammalian radiation, and the discovery
that the variability in neutral evolutionary rate across the
aligned genomes is far greater than can be explained by
existing mathematical models of neutral sequence evolution.
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Mathematical modelling of gene
expression
Gene expression can be regulated in a graded or a binary
fashion, though the majority of eukaryotic genes are either
fully activated or not expressed at all in individual cells. This
binary response might be an inherent property of many
eukaryotic promoters. However, analysis of transcription
under the control of yeast GAL I promoter has suggested
that graded and binary modes of transcription are not mutually exclusive, but both can occur at the same promoter
when the activity of different signalling pathways is varied. It
was shown that these experimental observations can be
explained by mathematical modelling based on simple principles.
Work was continued on a quantitative model for the regulation of Sex-lethal (Sx0, a gene that controls sex determination in the somatic cells of the fruit flies. Early during
embryogenesis, the sexual fate is cell-autonomously determined by the X/A-ratio. The X/A-ratio is a polygenic signal
made up of proteins encoded by genes on the X-chromosome and autosome as well as maternal effect genes. Most of
the genes involved are transcription factors, functioning as
either repressors or activators. While the single dose of X
chromosomes leaves Sxl virtually un-expressed in males, its
double dose in females ensures stable and permanent production of Sxl. The presence or absence of Sxl is decisive in
directing the development of sexual dimorphism as well as
dosage compensation. The integrated model of the system is
composed of three parts: complex formation of transcription factors, transcriptional regulation at the promoter of
Sxl, and post-transcriptional control by alternative splicing.
The consideration of all these processes together leads to a
reappraisal of prevailing over-simplistic ideas in the field.
The model shows that a high level of activator alone is not
sufficient, but instead two conditions must be simultaneously fulfilled for transcription to be induced: the quantity of
activators must be sufficiently high and the quantity of
repressors must be sufficiently low. This is illustrated in
Figure I where the plane representing the concentrations of
activators and repressors is divided into a yellowish region
where transcription is allowed and another blackish region
where transcription is silent. The trajectory of wild type
males remains in the region where transcription is disallowed. In contrast, the trajectory of wild type females visits
the region that allows transcription for a relatively long period of time. Consequently, substantial production Sxl is

restricted to females. Numerical simulations also enable us
to assess the effects of gene knock-outs. Wild type females
have two copies of the X-linked genes scute (sc) and sisterless-A (sisA). The effects of reducing the dosage of scute
and/or sisterless-A in females is studied in Figure IB. The
mutant with a reduced dose of scute has a trajectory that is
shifted towards the lower value of activator but the trajectory still visits the region that allows transcription.
Consequently, the accumulation of Sxl protein is thus sufficient to induce female development. Thus, simulations predict viability in agreement with the experimental observation. The mutant with a reduced dose of sisterless-A has a trajectory that is shifted towards a higher value of repressor
and a lower value of activator. Despite these changes, the
simulation predicts that the quantity of Sxl protein accumulated over the time remains sufficient to ensure female
development. Experimental observations agree. The mutant
with a reduced dose of both scute and sisterless-A has a trajectory that does not visit the region allowing transcription.
Sxl protein is therefore very little produced. Viability of this
female mutant is expected to be severely reduced in conformity with the experimental observations.

Analysing the transductome
Current protein-protein interaction networks, however
incomplete they may still be, are so complex that they cannot be perceived or analysed as a whole.We have developed
a method that automatically and reliably extracts known signalling cascades in yeast, yielding results that are consistent
with available biological knowledge and meet human expectations. The method produces an overview over a large
body of biological literature in an easily understandable
graphical format. The transfer of an external signal from a
given receptor to transcription factors in the nucleus is
modelled based on concepts of information flow.This results
in a method that works unsupervised and without prior
training, clustering or pre-filtering of the input data. The
method is essentially an adaptation of the maximum spanning tree algorithm and results in fast and accurate reconstruction of pathways. The complete calculation and visualisation are done within less than a minute on a standard
desktop PC. The algorithm is very tolerant to noise in the
input data due to the dynamic filtering that resorts to weak
associations only if no stronger links are left. The fast and
robust greedy strategy makes the method well suited for an
interactive environment in which researchers can explore
and navigate all possible signalling pathways. We call this
superset of signalling pathways the transductome. Because S.
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cerevlslae is comparatively well characterised, we have
focussed our analyses on this model organism. However, the
pathway extraction strategy is general, insensitive to noise in
biological networks and readily applicable to any receptors
or organisms, and even to networks built using different
experimental data or computational techniques.

also easier to spot inconsistent similarity-derived annotations in the tree context.

Counting all domain families

ture comparisons, but are limited by the availability of struc-

Traditionally, domain families have been defined manually.
Recently, automated methods have been developed that systematically try to find shared building blocks between proteins. The most sensitive methods employ exhaustive structural data, which is still scarce. More complete methods in

Evolution modifies and recombines existing building blocks
instead of inventing everything from scratch. In the protein
world these building blocks have been termed 'domains' and
the identification and characterisation of new domains and
domain families is a major goal of protein science. Grouping
domains into families is useful in two ways. Firstly, it leads to
more sensitive detection of new members and improved discrimination against spurious hits in database searches. The
essential conserved features in a family are enhanced by
using profiles (position-specific scoring matrices) or hidden
Markov models or patterns (regular expressions). Secondly,
having established family membership, one can place the
query sequence in the context of the evolutionary tree of
the family for accurate inference of biological function. It is

terms of protein space coverage use sequence data alone.
We have developed an exhaustive and complete sequence
based domain decomposition and family classification. The
method, ADDA, first decomposes sequences into domains.
Domains are defined based on a probabilistic model that
compensates for artefacts due to sequence fragments and
motif alignments. The model is biased towards conservative
decisions in domain cutting to avoid trivial over-fragmentation of sequences. After domain decomposition,ADDA clusters domains into families using the transitivity property of
homology, where homology is inferred by profile-profile
comparison between domains. This ensures that domains
classified in the same family share common sequence motifs.
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Figure I. (A) Contour plot of the dose-response function of the early promoter in the (Activator, Repressor) space. Axes are graded in
number of molecules. The bar at the right of the graph gives the colour-code of the contour plot, i.e., the transcription rate corresponding to any particular colour. Simulating the dynamics of the system from given initial conditions forms trajectories in the (Activator,
Repressor) plan. The trajectory for wild type males is depicted in red and that of wild-type females in white. The time is implicitly represented in these trajectories - small arrows pointing from the past to the future. (B) Perturbation analysis. Simulated trajectories are computed for gene knock-out mutants of female flies.
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Application to a database of 782,238 non-redundant proteins yielded 450,462 domains in 33,879 domain families
containing at least two members with less than 40%
sequence identity. Validation against manually curated family
classifications SCOP and Pfam showed that ADDA achieves
almost perfect unification of various large domain families.
At the same time, the contamination of clusters by unrelated domains remains on a very low level. The definition of
domain families is a pre-requisite for many bioinformatics
analyses. ADDA is based on precisely formulated concepts,
which are implemented in a simple and fast algorithm that
produces high quality clusters. Numerous future applications
will profit from ADDA's global annotation of all sequences
with domains.

Improvements to sequence
alignment
The transitivity property of homology can be used to generate alignments between proteins that are homologous but
not detectably similar in direct pairwise comparison. We

Publications during the year
Dietmann, S. & Frommel, C. (2002). Prediction of 3D neighbours of molecular surface patches in proteins by artificial
neural networks. Bioinformatics, 18, 167-174
Dietmann, S., Fernandez-Fuentes, N. & Holm, L. (2002).
Automated detection of remote homology. Curro Opine
Struct. BioI., 12,362-367

have developed a novel method which derives a consensus
over all possible transitive alignment paths between two proteins. Large sequence distances are covered by using many
layers of more closely spaced intermediate sequences as
stepping stones. The method improves both the coverage
and reliability of sequence alignment compared to PSI-Blast,
the current baseline standard. In particular, our method
yields accurate alignments between proteins which are only
indirect PSI-Blast neighbours. Interestingly, the method performed better the harder the prediction targets in the
CASPS competition (www.ebi.ac.uk/-holm/caspS.html).

Servers
The group has moved to Helsinki. With the cooperation of
EBI's Services Programme, the following servers remain at
Hinxton: Radar http://ww.ebi.ac.uk/Radar - repeat detection
in protein sequences, MaxSprout http://www.ebi.ac.uk/
maxsprout - reconstructing full protein co-ordinates from a
C-alpha trace, and the Dali server http://www.ebi.ac.uk/dali .

M., Istrail, S.
R & Waterman, M.) Association for
Computing Machinery, New York NY pp 139-147

& Holm, L. (2003). Exhaustive enumeration of protein domain families. J. Mol. BioI., 328, 749-767
Heger,A. & Holm, L. (2003). More for less in structural
genomics. J. Struct. Func. Genomics, (in press)
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Holm, L. (2003). Comparative analysis and evolutionary
classification of protein structures. In "Protein structure:
Determination, analysis, and applications for drug discovery," (ed. Chasman, D.), New York: Marcel Dekker, Inc., (in
press)

Heger A., Lappe M., Holm L. (2003). Accurate detection of
very sparse sequence motifs. RECOMB 2003: Proceedings
of the Seventh Annual International Conference on
Research in Computational Biology. (eds. Miller,W.,Vingron,

Louis, M., Holm, L., Sanchez, L. & Kaufman, M. (2003). A theoretical model for the regulation of Sex-lethal, a gene that
controls sex determination and dosage compensation in
Drosophila melanogaster. Genetics (in press)

Louis, M. & Becskei,A. (2002). Binary and graded responses
in gene networks. Sci STKE, 2002, 143, PE33
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During this year, we have continued work in the following
areas: (i) algorithm development, (ii) genomics databases, (iii)
text mining, (iv) genome analysis, (v) functional genomics and
(vi) genome comparison.

Algorithm development: clustering,
visualization, networks
(ildefonso Cases, Nikos Darzentas,Anton Enright,
Leon Goldovsky, Katherine Hull,Jose Pereira-Leal)

We have continued our work on protein sequence clustering with the development of a new, highly efficient algorithm
called TRIBE-MCl, based on Markov Clustering (MCl) for
flow simulation in weighted graphs (Enright et 01., 2002).
Vertices (nodes) in graphs represent proteins and edges
(lines) represent sequence similarities (weights correspond
to the level of sequence similarity). A pre-processed database search result file from e.g. BLAST is analyzed as a
weighted graph and the resulting graph partioning is interpreted as a set of protein families. The accuracy of the algorithm in terms of the quality of family detection is impressive, validated against annotated databases such as SCOP and
InterPro. We have compared TRIBE-MCl with the GENERAGE algorithm we had developed previously and the results
are encouragingly similar (Marciano et 01., in preparation).
The algorithm is publicly available and in wide use by a number of groups in a variety of projects, including Ensembl, and
there is a user community of at least 250 laboratories. We
are further investigating the properties of TEl RESlAS, a combinatorial pattern discovery algorithm developed by IBM, in
terms of efficiency and quality of clustering as an alternative
for sensitive sequence similarity searches (Darzentas and
Ouzounis, in preparation). We have re-implemented the
automatic graph layout algorithm BIOlAYOUT in Java to
exploit the platform-independent capability of this language
(Enright et 01., in preparation). Again, we have made this algorithm publicly available and already logged at least 200 downloads from different laboratories. We have already used this
program to visualize sequence similarity, taxonomic relationships and protein interactions. We have developed a simple
BLAST-based protocol called GENESEARCH that allows the
identification of ORFs using protein sequence similarity. We
have also compared our algorithm CAST for the detection
of compositionally biased regions against the widely available
alternative called SEG, and we have found that the detection
is as sensitive and much more specific (Kreil and Ouzounis,

2003). We have finally developed further the detection of
protein interaction modules in high-throughput experimental information, using MCl (Pereira-leal et 01., 2003a), and we
were able to isolate functional modules, including wellunderstood ones such as the Ras cascade in yeast (Pereiraleal et 01., 2003b). The field of computational prediction of
protein interactions has matured enough to compare favorably with experimental techniques (Enright and Ouzounis,
2002).

Genomics databases: genomes,
function, pathways

(Benjamin Audit, IIdefonso Cases, Anton Enright, Leon
Goldovsky, Paul Janssen, Victor Kunin, David Simon,
Sophia Tsoka, Christian Weinel)

We continued the development of GENEPOOl/GENElINGUA, the ontology-driven genomics knowledge base prototypes, implemented in parallel using two frame-based knowledge representation systems, OCELOT and ONTOllNGUA
respectively.These "very large knowledge bases" (VlKBs) are
composed of tens of thousands of objects and provide a rich
environment for computational genomics, allowing both simple browsing and complex querying. Information is encoded
in GATOS (Genome Annotation System), a format that
allows the encoding of protein function derived from computational analysis in a precisely specified manner.We plan to
realign our ontology development with those of ECOCYC/BIOCYC, the family of genome-pathway databases.We
have finalized the metabolic reconstruction of Methanococcus
jannaschii, the first archaeal species whose entire genome
was sequenced (Tsoka et 01., in preparation). To track down
the release and availability of entire genome sequences, we
developed a genome sequence/annotation database, called
COGENT (Complete Genome Tracking).The database holds
information about the particular genome projects as well as
the codified protein sequences and is implemented in
MYSQl Uanssen et 01., 2003a). The full schema is publicly
available and is expected that it will provide an integration
layer that ensures reproducibility of analyses in computational genomics. Furthermore, we have developed a model
for the propagation of annotation errors in annotated databases and have investigated its properties (Gilks et 01., 2002).
Finally, we have developed a prototype system for the context-based annotation of genomes using Pseudomonas aeruginosa as an example, a genus we have considerable expertise
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with (Cases and de Lorenzo, 2002a). The system is called
PSEURECA, and contains information about phylogenetic
profiles, gene clusters and gene fusion events; it is available
via the WWW (Weinel et 01., 2003).

Text mining: document clustering,
content analysis
(Anton Enright, Leon Goldovsky)

We have re-implemented (both in Perl and Java) our document clustering protocol, called TEXTQUEST, which can be
used for keyword discovery, content analysis and ontology
induction in the field of molecular biology. We plan to develop more elaborate metrics of document distance and clustering procedures to be able to perform a very large-scale
analysis of the full MedLine database (Enright et 01., in preparation).

Genome analysis: annotation, validation, protein families

(Benjamin Audit, J1defonso Cases,Anton Enright, Paul
janssen, Victor Kunin, Sophia Tsoka)
We have continued to generate and release comprehensive
sets of annotations for all entire genome sequences available
in the public domain, using GENEQUIZ, a system for automated genome annotation. A number of collaborations were
also initiated and are under way, for the genome annotation
of Streptococcus pneumoniae G54, Streptococcus thermophilus
LMG 1831 I and 5accoglossus kowalewski. We have showcased
the power of automated annotation and its applications in
structural genomics in a review article (Tsoka and Ouzounis,
2003). We also linked the GENEQUIZ results with the
CoGenT environment, using mySQL.We have compared the
automated annotations with our own expert manual analysis for Chlamydia trachomatis serovar D (lliopoulos et 01.,
2003b) and found that automated annotation is comparable
to manual curation in genome projects. The comparison was
performed using a scale of annotation comparison called
TABS (Transitive Annotation-Based Scale) (Ouzounis and
Karp, 2002). Using TRIBE-MeL, we have clustered 311,257
protein sequences from 83 entire genomes and have discovered more than 60,000 protein families, many of which are
defined for the first time (Enright et 01., 2003). The corresponding resource, called TRIBES, is available via the WWW
We have shown that the rate of discovery for new protein
families has remained the same since the first genome
sequence (Kunin et 01., 2003). Finally, we have performed
genome-wide profiling of specific protein classes such as the
ion channels (Harte and Ouzounis, 2002).

Functional genomics: transcription,
interactions, disease genes

(J1defonso Cases, Richard Coulson,Anton Enright,
Nuria Lopez-Bigos)

We have obtained all transcription-associated (TA) proteins
from the public databases using a combination of keyword
and sequence clustering, including sequence information,
taxonomic status and annotation records.We have clustered

this dataset using TRIBE-MCL, generating more than 300
families of transcription factors, and classified them into phylogenetic taxa.We evaluated the performance of this protocol, called GENETEXT, using expression data, annotations
from the yeast database SGD and classification schemes
from the transcription factor database TRANSFAC. We have
shown that TA proteins appear to be taxa-specific, with the
core transcription machinery being conserved in eukaryotes
and regulators being specific to various taxa (Coulson and
Ouzounis, 2003). We have now represented protein complexes and other functional associations using knowledge
base technology. In addition, we have profiled the transcription complement in bacteria and have shown that there is a
clear correlation between the number of transcription factors and genome size (Cases et 01., 2003), despite the considerable diversity of bacterial species represented by completed genome projects (Cases and de Lorenzo, 2002b).
Moreover, we have performed the largest-ever gene fusion
analysis for the prediction of functional associations using
the algorithm DIFFUSE for the genome of Drosophila
melanogaster and have reliably identified 220 best cases
among thousands of pairs (lliopoulos et 01., 2003a). These
results are available at the ALLFUSE site via the
Finally, we have endeavoured into certain aspects of molecular medicine, by investigating the properties of human disease genes using machine learning (Lopez-Bigas and
Ouzounis, submitted). Other work on the identification of
mutations in connexin genes associated with several disorders (Lopez-Bigas et 01., 2002a; Rabionet et 01., 2002) and the
expression analysis of these connexins during the mouse
inner ear development (Lopez-Bigas et 01., 2002b) has been
performed independently.

www.

Genome comparison: genome
dynamics, phylogenetic profiles

(Benjamin Audit, Paul janssen, Victor Kunin,jose-M.
Peregrin-Alvarez, Sophia Tsoka)
We have developed scale-independent methods (Audit et 01.,
2002a) for genome structure comparison and dynamics that
are able to detect similarities at any scale of observation and
phylogenetic distance (Audit and Ouzounis, 2003). These
techniques are related to Fourier analysis and wavelet transform, used previously to analyze the correlations in DNA
bending profiles in relation to nucleosomal structure (Audit
et 01., 2002b), followed by the analysis of the influence of the
sequence on the elastic properties of long DNA chains
(Vaillant et 01., 2003). Assessing the distribution of features
along circular chromosomes (from Archaea or Bacteria)
requires the adaptation of significance tests from the field of
directional statistics. We further investigated the properties
of strain-specific genes of Helicobacter pylori and have found
that most can be attributed to gene uptake rather than gene
loss (Garcia-Vallve et 01., 2002). We have also developed
methods that profile the phylogenetic distribution of any
given protein sequence collection, such as the metabolic
complement of a single genome and have shown that the
metabolic complement of Escherichia coli is highly conserved
during evolution (Peregrin-Alvarez et 01., 2003). This method
can be further elaborated using phylogenetic trees to detect
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gene acquisition or loss across different nodes of the tree.
We have developed a method called GENETRACE, which
uses a set of phylogenetic profiles and a tree and generates
predictions of gene gain and loss (Kunin and Ouzounis,
2003a). We have thus found that gene loss is the prevailing
factor that shapes the gene content of extant genomes
(Kunin and Ouzounis, 2003b).

Bioinformatics policy issues: journals,
conferences, editorials
Associate Editor for 'BIOINFORMATICS' published by
Oxford University Press and 'BIOSYSTEMS' published by

Publications during the year
Audit, B., Bacry, E., Muzy, j.-E,Arneodo,A. (2002). Waveletbased estimators of scaling behavior IEEE Trans. Info. Theory
48, 2938-2954
Audit, B., Vaillant, C., Arneodo, A., d'Aubenton-Carafa, Y. &
Thermes, C. (2002). Long-range correlations between DNA
bending sites: relation to the structure and dynamics of
nucleosomes. j. Mol. BioI., 316, 903-918

Elsevier. Co-organizer of the ISMB 2003 (Intelligent Systems
for Molecular Biology) conference in Brisbane, Australia. A
review of the theoretical foundations of molecular biology
and the origins of bioinformatics was published (Ouzounis,
2002).

WWW site: systems, availability,
services
More information on our projects is available at the group's
web site at http://www.ebLac.uk/research/cgg/ (alias:
www.genomes.org).

Analysis of hearing impairment families. Hum. Mutat., 19,
458
Ouzounis, C. (2002). Bioinformatics and the theoretical
foundations of molecular biology. Bioinformatics, 18,377378
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Structural biology of RNA-protein complexes in gene
•
expression
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Technician:
Visitors:

Stephen Cusack
Catherine Mazza
Mark Brooks, Susan Fridd, Marcos de la Pefia*, Chloe Zubieta*
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Delphine Guilligay
Wim Burmeister, Luke Chao, Maria Dontsova,Azat Gabdoulkhakov, Ya-Ming Hou,
Mikhail Tukalo, Anya Yaremchuk
*Indicates part of the year only

We use X-ray crystallography as a central technique to
study the structural biology of protein-RNA complexes
involved in RNA maturation and translation. Additionally
we work on adenovirus capsid proteins involved in host
cell entry.

The structural basis of eukaryotic
signal recognition particle function

(Mark Brooks, Florence Filipetto with Katherina Strub,
Univ. Geneva, Irmgard Simming and Klemens Wild,
Univ. Heidelberg)

Protein translocation across the endoplasmic reticulum (ER)
of eukaryotic cells is required when proteins must either be
secreted or be inserted into the ER membranes to become
integral membrane proteins. The targeting to the ER membrane is co-ordinated by the Signal Recognition Particle
(SRP), a multi-subunit protein-RNA complex. Proteins which
are to be translocated bear a hydrophobic 'signal sequence',
which is recognised by the SRR Once a signal-peptide containing nascent polypeptide is identified, SRP causes translation by the ribosome to pause, a process termed 'elongation
arrest'. The ribosome-nascent chain complex (RNC) is then
docked onto a channel in the ER membrane (termed the
'translocon') through which the nascent chain will be threaded. The heterodimeric SRP receptor aids in binding of
SRP/RNC to the ER membrane.
Mammalian SRP consists of 300 bases of SRP RNA to which
6 proteins are bound: the heterodimeric SRP9/SRP 14, SRP 19,
SRP54 and another heterodimer composed of SRP68 and
SRP72. Treatment of SRP with micrococcal nuclease permits
SRP to be separated into two stable domains; the S-domain
and the Alu-domain. The former is involved in interaction
with the signal sequence and the SRP receptor and the latter is responsible for the elongation arrest activity of the
SRR
Substantial progress has been made by X-ray crystallography
on the structure of human SRP (Wild et 01., 2002).The latest
contribution was an S-domain ternary complex of SRP 19,
SRP54 M domain and 128 nucleotides of SRP RNA
(Kuglstatter et 01., 2002). Of the remainder, notably the

SRP68/72 heterodimer is still of unknown structure and
function. However, it has thus far proved impossible to produce these proteins recombinantly in soluble form in high
yield, hindering both structural and biochemical studies on
them. Our recent studies have focused on full-length SRP54
bound to constructs of the S-domain RNA together with
SRP 19 but crystallisation trials of this complex have not yet
been successful. Proteolysis experiments performed on the
SRP54 homologue from E. coli have shown that while the
protein is cleaved in the linker region between the M and
NG domains, cleavage can be prevented by the addition of
signal peptide and SRP RNA. This suggests that addition of
signal peptide might stabilise the complex. Our attempts to
express signal peptide constructs for structural studies have
not yet been successful, because of problems with solubility
due to their characteristic hydrophobic nature.
Recent results have shown that SRP can be cross-linked to
ribosomes via SRP54 and the ribosomal large subunit proteins L23a and L35, in a manner dependent on the presence
or absence of SRP receptor (Pool et 01., 2002). Location of
residues involved in interaction of SRP54 with L23a/L35
could give information about the orientation of SRP with
respect to the ribosome and signal sequences at the exit
site. In order to characterise further the interaction of SRP
with the ribosome, constructs of L35 and L23a have been
expressed to high level in a bacterial expression system.
A structurally based model of the human Alu-domain has
been proposed in which the SRP RNA folds back on itself
like a jack-knife (Weichenrieder et 01., 2000,Wild et 01.,2002).
To test this model on a different system, a plasmid has been
constructed
to
produce
the
Alu-domain
of
Schizosaccharomyces pombe SRP RNA. S. pombe Alu RNA
appears considerably simpler than the mammalian version in
that it lacks the two interacting stem-loops. We hypothesise
that the proteinaceous component of S. pombe Alu-domain
comprises a homodimer of SRP 14 subunits similar to that
shown for Saccharomyces cereviseae. To pursue structural
characterisation of the S. pombe Alu-domain, the gene
encoding S. pombe SRP 14 has been cloned and expressed in
E. coli and reconstitution with the RNA is in progress.
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The nuclear cap-binding complex

(Catherine Mazza, Delphine Guilligay with lain
Mattaj, Alexandra Segret EMBL Heidelberg)

The nuclear cap binding complex (CBC) is a conserved
eukaryotic protein complex which plays a central role in the
maturation of pre-messenger RNA (mRNA) and uracil-rich
small nuclear RNA (U snRNA). It is a functional heterodimer, comprising a small (CBP20) and large (CBP80) subunit
and binds with high affinity to the 5' cap structure (7-methylG(5')ppp(5')N or 7mGpppN, N any nucleotide) of nascent
RNA polymerase II transcripts. CBC enhances the efficiency
of pre-mRNA splicing and poly-adenylation in the nucleus
and is co-exported with mRNA to the cytoplasm where it is
exchanged for the elF4E cap-binding component of the
translation initiation complex. In metazoans, CBC is essential
for the nuclear export of U snRNAs, an obligatory step in
the assembly of U snRNPs, through the interaction of the
CBC/U snRNA complex with PHAX, a phosphorylated
adapter protein, which binds via a nuclear export sequence
to the nuclear export receptor Crm I-RanGTR Once in the
cytoplasm, CBC is recycled back into the nucleus via a
nuclear localization sequence mediated interaction with the
import factor importin u.

We are interested in elucidating the structural basis of cap
recognition by CBC as well as how CBC interacts with its
different partners during the various steps of RNA maturation.
Previously we have described the 2A resolution crystal
structure of a trypsinated form of human CBC (hCBC)
(Mazza et al., 200 I). We found that mild trypsination of apoCBC leads to degradation of the N- and C- terminal extensions to the central RNP domain of CBP20 and cap binding
is no longer possible. However when CBC is pre-bound to
the m 7GpppG cap analogue, CBP20 is strongly protected
from trypsination. During the past year, we finally obtained
one non-reproduced crystal of the intact apo-complex. This
crystal appeared after two years and diffracted up to 2 A
resolution. Although full-length CBP20 is present in the
crystal, the intact CBC structure is very similar to that of the
trypsinated complex. Only an additional 8 and 7 residues are
visible at respectively the N- and C-terminal ends of the
RNP domain of CBP20 and residues 1-29 and 126-156
remain disordered. Taken together, these results strongly
suggest that the terminal regions of CBP20 are only structured and stabilised upon cap-binding.

of the human nuclear cap binding complex (CBC) with bound cap analogue. The three MIF4G domains
CBPBO are in light grey. CBP20 is depicted in dark grey and the cap analogue m 7GpppG is at the top, bound to CBP20.

Figure I. Crystal structure
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Crystal structure

of a CBC-cap analogue complex

Since we failed to crystallise the intact cap-bound complex,
we hypothesized that truncation of a long protruding coiledcoil located in the third MIF4G domain of CBP80 might
result in a more readily crystallisable complex. We thus recloned CBP80 to replace 49 residues of the coiled coil by a
glycine (VaI652-Gly-Ala702, denoted CBP80 DCC) and cocrystallised reconstituted CBC DCC with the cap analogue
m7GpppG, obtaining two crystal forms which were solved
by molecular replacement to give structures at respectively
2.15 A and 2.3 A resolution (Mazza et al., 2002a).
We find that cap binding induces a remarkable co-operative
folding of the previously disordered N- and C-terminal
extensions to the RNP domain of CBP20 about the ligand
(Mazza et al., 2002b). The highly hydrophilic extensions fold
co-operatively around the cap analogue in an intricate
hydrogen-bonded network which has little regular secondary structure apart from a few helical turns (Figure I). The
N-terminal tail of CBP20 is further stabilized by interactions
with the large subunit CBP80. Although the structural
framework is very different from other known cap binding
proteins, such as the cytoplasmic cap-binding protein eIF4E,
or the vaccinia virus nucleoside-2' -O-methyltransferase
VP39, specificity for the methylated guanosine is again
achieved by sandwiching the base between two aromatic
residues, in this case two conserved tyrosines (Tyr-20 on the
N-terminal extension and Tyr-43 on the RNP domain betasheet surface). Point mutants have confirmed the importance
of these two aromatic residues for cap-binding (Mazza et al.,
2002b).

Reconstitution

of a U snRNA pre-export complex

The 5' cap structure is essential for nuclear export of U
snRNA and it has been shown that CBC and PHAX act as
adaptors between the RNA and the Crm I/Xpo I-RanGTP
nuclear export machinery. PHAX binds directly to CBC,
complex formation being enhanced by the presence of
capped RNA which also binds to PHAX via a novel nonspecific RNA-binding domain, leading to the "pre-export complex". PHAX is a 42 KDa protein. Its N-terminal part is
involved in CBC binding while a deletion of the C-terminal
65 residues has no affect on RNA export.
The wild type protein, as well as a deletion mutant of the last
65 residues have been produced in E. coli and the respective
CBC-PHAX complex reconstituted. The PHAX protein and
the CBC-PHAX complex have an apparent molecular weight
of about 200 KDa and 250 KDa respectively when characterized by gel filtration chromatography or dynamic light
scattering. In order to get more insight onto their stoichiometry, the sedimentation velocity of the PHAX protein
alone or in complex with CBC have been measured using
analytical ultracentrifugation. We could determine that
PHAX is an elongated monomer that binds to CBC in a one
to one ratio. Our attempts to crystallize the CBC-PHAX
complex have not yet been successful. Moreover, electron
microscopy reconstructions performed both on CBC and
on a purified CBC-PHAX complex show no extra density
corresponding to the PHAX protein. Taken together, these
results indicate that PHAX is an elongated protein that

remains mainly flexible in the CBC-PHAX complex. In order
to reinforce the stability of the CBC/PHAX complex, we are
now on the process of producing short capped-RNA. The
pre-export complex CBC/PHAX/RNA will be then reconstituted and studied by electron microscopy and crystallography.

Aminoacyl-tRNA synthetases
Structural and mechanistic basis
leucyl-tRNA synthetase

of editing by

(Anna Yaremchuk, Stephen Cusack and Mikhail
Tukalo with Susan Martinis and Tommie Lincecum,
University of Texas, Houston, Brian Sproat, RNA-TEC
NV, Leuven, Belgium, and Morton Gr0tli, Biotechnology
Centre of Oslo, Norway)
The fidelity of translation is highly dependent on the specificity of the aminoacyl-tRNA synthetases (aaRSs) which
covalently charge a tRNA with its cognate amino acid.
However, several aaRSs cannot distinguish with sufficient
accuracy closely related amino acids from their cognate substrate in one step. Leucyl-tRNA synthetase (LeuRS), valyltRNA synthetase (VaIRS) and isoleucyl-tRNA synthetase
(HeRS) have homologous editing domains, distinct from the
synthetic domain, that are designed to hydrolyse incorrectly
activated amino acids (pre-transfer editing) and/or mischarged tRNAs (post-transfer editing). In pre-transfer editing
the aminoacyl-adenylate would have to translocate, by an
unknown mechanism, from the synthetic active site to the
editing which is 38A away. In post-transfer editing the
charged 3' end of the tRNA can re-orientate out of the synthetic active site into the editing site for proof-reading. Since
the pre- and post-transfer substrates for editing are distinct,
being respectively an aminoacyl-adenylate or an aminoacylester it is an intriguing question as to what extent the active
sites for pre- and post-transfer editing are physically distinct
or overlapping. Separate amino acid binding pockets for preand post-transfer editing substrates have been postulated
based on modeling and comparative analysis of the homologous ValRS and HeRS co-crystal structures (Fukai et al., 2000;
Nureki et al., 1998). Last year we reported structural data on
I thermophilus LeuRS (LeuRSTT) with a norvalyl-adenylate
analogue (NvaAMS), a pre-transfer editing substrate analogue, bound in the editing site (Figure 2). This revealed the
pocket for proof-reading the side-chain, which has to reject
leucine, but accept, for instance, isoleucine, norvaline or
methionine, to be delimited by Thr252, Met338 and Va1340.
This correlated very well with previous biochemical data
which showed that the mutant T252A removes the constriction normally preventing leucine binding, due to its branch at
Cg, and which now edits Leu-tRNALeu (Mursinna et al.,
200 I). We were further led to suggest a universal model for
editing such that the amino-acyl moiety of the amino acid to
be edited is bound in the same specificity pocket and is
hydrolyzed by the same mechanism for both the pre- and
post-transfer editing pathways. This year we have obtained
confirmation of this model with the first ever structural
information on a post-transfer editing substrate analogue
bound in the editing site. The non-hydrolysable compounds
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Post-transfer

2' and 3'-(L-norvalyl) amino-2'-deoxyadenosine, respectively
Nva2AA and Nva3AA, have been synthesized by Brian
Sproat and colleagues. These mimic the non-cognate amino
acid norvaline, which is edited by LeuRS, covalently attached
to the 2' or 3' hydroxyl of the terminal adenosine of
tRNAleu. Class I aminoacyl-tRNA synthetases like LeuRS
attach the amino acid to the 2' hydroxyl in the synthetic site
but it is possible that it could isomerise to the 3' hydroxyl
prior to editing.
Both compounds were soaked into crystals of LeuRSTT No
electron density was observed in the editing site of Leu RSTT
upon soaking with Nva3AA but clear electron density was
observed with Nva2AA, strongly suggesting that no isomerisation occurs. The data on the complex with Nva2AA
extend to 2.2A resolution and reveal in great deal the network of hydrogen bonds and water molecules associated
with the ligand binding (Figure 2). It is immediately obvious
that despite the different forms of the two editing substrates
the mode of binding and recognition of the adenine base and
the aminoacyl moiety of Nva2AA is very similar to that
observed in the case of NvaAMS. Notably the a-amino group
of the norvaline makes a salt bridge to the carboxyl-group of
Asp347 and also hydrogen bonds to the main chain carbonyloxygen of Met-338, as for Nva-AMS. However the ribose
orientation is quite different reflecting the different linkage
to the amino acid in the two compounds. Interestingly, the
conserved threonine rich peptide, notably Thr247 and
Thr248, continues to play an important but different role in
binding Nva2AA (to the ribose) compared to NvaAMS (to
the phosphate). The conformation of the adenosine moiety
we find for Nva2AA is very closely similar to that observed
for the terminal Ade-76 bound in the highly homologous
editing site of I thermophiJus ValRS (Fukai et al., 2000), providing strong evidence that our structure indeed mimics a
bone fide post-transfer complex. The residue Asp347 which
binds to the a-amino group of the non-cognate amino acid in
both pre- and post-transfer editing complexes is absolutely
conserved in all lIe-, Val- and LeuRS. Substitution of this

Figure 2. Pre- and post-transfer editing substrates are accommodated in largely overlapping sites in the editing domain of
leucyl-tRNA synthetase with minor conformational changes. In
both cases the non-cognate amino acid side-chain (in this case
norvaline, Nva) is in the same pocket and the universally conserved Asp347 forms a salt-link to the a-amino group. The pretransfer substrate analogue is the sulphamoyl-analogue of norvaIyl-adenylate (NvaAMS) and the post-transfer substrate analogue
is 2'-(L-norvalyl) amino-2'-deoxyadenosine which mimic the end
of a charged tRNA.

residue by alanine eliminates total editing in lIeRS (Bishop et

al., 2002) and a variety of LeuRS from different organisms

(our results) consistent with the structural data. These
results demonstrate the economy by which a single active
site accommodates two distinct substrates in a proofreading
process critical to the fidelity of protein synthesis.

The molecular basis of leucyl-tRNA synthetaseassistant splicing mechanisms
(Mikhail Tukalo with Susan Martinis, University
Houston)

of

Aminoacyl-tRNA synthetases have essential cellular roles
that extend beyond aminoacylation of cognate tRNA
(Martinis et al., 1999). For example, the yeast nuclear NAM2
gene which expresses mitochondrial leucyl-tRNA synthetase
(mtLeuRS) was determined through genetic experiments to
playa role in splicing of the genes which encode mitochondrial cytochrome b (cob) and a subunit of cytochrome oxidase (cox f) (Herbert et af., 1988). Accurate splicing of these
two genes is essential to respiration of the cell. Genetic and
molecular biology studies have indicated that the mtLeuRS
works in concert with the bl4 maturase to promote splicing
(Labousse et al., 1984) and a novel model for a ternary splicing complex (two proteins: one RNA) has been proposed
(Bae Rho and Martinis, 2000). Using two-hybrid and threehybrid systems it was shown that both mtLeuRS and bl4
maturase interact directly with the bl4 intron which thus
bridges the two protein splicing partners (Bae Rho and
Martinis, 2000). The initial cloned bl4 ribozyme construct
(which also includes the flanking exons) comprises 1600
bases (Bae Rho and Martinis, 2000). Significantly, the very
large size of this RNA is due to a > 1000 nucleotide insert
that encodes the bl4 maturase gene. To study the molecular
basis for protein-assisted splicing we have began mapping the
bl4 intron RNA domain which interacts with LeuRS and maturase with the aim of defining a minimal RNA that is active
in interacting with LeuRS and/or maturase. For this aim, two
complementary approaches are being taken. Firstly, we have
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used the already developed three-hybrid system for detection of bl4 intron deletion mutant interactions with LeuRS.
In preliminary work a series of deletions mutants that
reduce the large maturase gene insert in bl4 have been done
in the Martinis laboratory and their RNA-protein interaction
and protein-dependent splicing activity have been determined. This year we have replaced the inserts which close
the PS loop (210 nucleotides) by an AAUG tetraloop and
P6b loop (31 nucleotides) by a GAAA tetraloop using overlap extension PCR (OE-PCR) method. Introduction of this
bait construct together with the plasmid expressing prey
(mtLeuRS) into the yeast L40uraMS2 host strain (Invitrogen)
were carried out in two successive transformation steps.The
detection of transformants with positive interactions is in
progress. In a second approach we will study the regions of
the bl4 intron RNA that interact with mtLeuRS by footprinting methods. For synthesis of bl4 transcript RNA we
have made the construct contains a T7 RNA polymerase
promoter, 75nt of 5' exon, 374 nucleotides of intron, and 55
nucleotides of exon cloned into the EcoRI and BamHI sites
of pUC 19. Intron precursor was generated by runoff transcription using T7 polymerase from BstNI-digested plasmid
DNA and a protocol of purification of transcript RNA has
been optimized for subsequent quantitative binding and footprinting experiments.

Tyrosyl-tRNA synthetase from 1: thermophilus
and human
(Anna Yaremchuk, Stephen Cusack and Mikhail
Tukalo with Ivan Kriklivyi, IMBG, Kiev and Erik First,
Louisiana State University)
Tyrosyl-tRNA synthetase (TyrRS) is a homodimeric class I
aminoacyl-tRNA synthetases. This enzyme is unique among
all aminoacyl-tRNA synthetases in having two types of
tRNATyr: with a long variable loop for prokaryotes and
eukaryotic organelles and with a short variable loop for
archaea and eukaryotes. Also, the acceptor helices for
tRNATyr of prokaryotes, mitochondria and chloroplasts have
the G I-C72 base pair found in most tRNAs while the first
base pair of tRNATyr of eukaryotic cytoplasm and archaea is
C I-G72. Eukaryote cytoplasmic and prokaryote tyrosyltRNA synthetases cannot cross-aminoacylate their respective tRNAsTyr. Our aim is to understand the structural basis
for this co-evolution of synthetases and tRNAs. This can be
practically important for firstly trying to use 'orthogonal'
synthetase-tRNA pairs to expand the genetic code in vivo
(Kowal et 01., 200 I) and secondly for antibiotic drug discovery, by exploiting the differences between eukaryotic synthetases and those from pathogenic organisms.We have also
collaborated with the group of Alan Lambowitz (Univ. Texas
at Austin) in understanding the structural role of the
Neurospora crassa mitochondrial tyrosyl-tRNA synthetase
(CYT-IS protein) in group I intron splicing (Myers et 01.,
2002).
To study the structural basis for the specific recognition by
TyrRS of their cognate tRNA we chose T. thermophilus and
human tyrosyl-tRNA synthetases as representatives of two
different kingdoms. Recently we have published the crystal

structure T. thermophilus TyrRS in complex with tRNATyr at
2.9A resolution (Yaremchuk et 01., 2002). This year we have
obtained a new crystal form of a complex of T. thermophilus
enzyme with native tRNATyr in the absence of small substrates. These crystals belong to space group C2 with unit
cell parameters a= 125.2 b=67.5 c= I I 1.4
I 10.63 and diffract to 1.9A resolution. The high resolution of this data
allows an accurate description of the synthetase-tRNA
interactions and highlights the importance of networks of
ordered water molecules at the protein-RNA interface
(Figure 3).
Human TyrRS is 530 residues long including a C-terminal
extension (residues 364-530) with homology to the cytokine
EMAPII which however is dispensable for aminoacylation.
We have obtained crystals of the first 341 residues of human
TyrRS, lacking the C-terminal domain, in complex with
tyrosino!. These crystals belong to the space group P2 12 12
with unit cell parameters a=76.1 b= 162.1 c=35.3 A and diffract to l.sA resolution. The structure was solved with the
aid of a mercury derivative and refined to an R-factor of
21.1 % (R-free 23.1 %). The dimeric structure of the human
TyrRS is similar to that of bacterial TyrRS apart from some
changes in the anti-codon binding domain (Figure 4). It will
be interesting to see how the human TyrRS interacts with its
cognate tRNA which lacks a long variable arm and has a C 1G72 base-pair instead of G I-C72 compared to its bacterial
counterpart. A structure of the human tyrosyl-tRNA synthetase has been published very recently (Yang et 01., 2002).

Dimeric methionyl-tRNA synthetase from

Streptococcus pneumoniae

(Susan Fridd with Franck Darnel and Malcolm Page,
Basi/ea Pharmaceutica Ltd)
Methionyl-tRNA synthetase (MetRS) is a class I synthetase
that is found in either monomeric or homodimeric form in
different organisms. The dimeric forms contain an additional
C-terminal dimerisation domain of about 100 residues which
is also found in other contexts e.g. the class of small dimeric tRNA binding proteins found in many organisms (denoted
trbp I I I), the dispensable C-terminal domain of human tyrosyl-tRNA synthetase (see above), the arpc Ip protein in yeast
which binds both GlnRS and MetRS and their respective
tRNAs and the human cytokine EMAPII which is derived
from p43, one of the non-synthetase components of the
mammalian multi-synthetase complex. The function of the
dimerisation of MetRS is unknown except that it is found in
vitro to promote anti-cooperative binding of the tRNA to the
two partners of the dimer. Indeed, C-terminally truncated
monomeric forms of MetRS are as active in aminoacylation
as the dimeric form. The structures of T. Thermophilus and E.
coli MetRS have been solved by other groups but in their
monomeric form lacking the C-terminal dimerisation
domain. We have crystallized the full-length dimeric form of
methionyl-tRNA synthetase from Streptococcus pneumoniae
with a non-hydrolysable methionyl-adenylate analogue in the
active site with the hope that the structure will provide
information about the spatial relationships between the catalytic and dimerisation domains. The crystals are of spacegroup C2 and with cell dimensions a= 149.6 b=72.5 c=7S.9
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A,

p=

I 17.45 and diffract to 2.3A. The structure was solved
by molecular replacement although the initial correlation
was poor due to the relatively low homology with the
known MetRS structures. Fortunately the relatively good
resolution of the data allowed ARP/wARP to be used in
rebuilding the structure.

The catalytic domain together with the bound methionyladenylate analogue is very well defined apart from the CP I
insertion into the Rossmann fold.This insertion domain contains either 0, I or 2 zinc atoms in different MetRSs (0 in S.
pneumoniae, I in E. coli and I thermophilus) and is clearly flexible. Unfortunately there is also no clear electron density for
the C-terminal dimerisation domain, although a volume
exists in the crystal packing where this domain presumably
goes. Since SDS-PAGE analysis of dissolved crystals confirms
the presence of the full-length protein and there is no reason to suppose that the dimerisation domain is unfolded we
hypothesise that the dimerisation and catalytic domains are
linked by a flexible peptide (about 15 amino acids) and hence
can move independently from each other. In the crystal, two
catalytic domains make a head-to-tail dimmer about a crystallographic two-fold axis. Restricted movement of the
dimerisation domain within the space defined by the crystal
packing would account for the lack of electron density seen
for the C-terminal domain. In solution, the arrangement

could be the same as that observed in the crystal, with the
catalytic domains forming the same contact and the dimerisation domains forming another independently mobile
dimer. Alternatively, only the dimerisation domains may form
the dimer with the two catalytic domains free to move independently of each other in a more open configuration. In
order to distinguish between these possibilities we intend to
study the protein in solution using small angle x-ray scattering (SAXS). Combining the known structure of a homologous MetRS dimerisation domain (Crepin et al., 2002) with
our structure of the S. pneumoniae catalytic domain we can
calculate scattering curves for different possible arrangements and compare them to those measured from SAXS
experiments to distinguish between various models for the
dimer in solution.

Heterogeneous nuclear ribonucleoprotein K (hnRNP K).

(Paul Backe with Matthias Hentze, Antje and Dirk
Ostareck, EMBL Heidelberg)

hnRNP K is one of the major proteins found in hnRNP particles, ribonucleoprotein complexes containing proteins and
pre-mRNA. It gives its name to the KH (hnRNP K homology) domain, a compact RNA binding module, of which there

J

Figure 3. Example of the 1.9A electron density map of the complex between T. thermophilus tyrosyl-tRNA synthetase and tRNAtyr,
showing base-pair Gua3-Cyt70 and associated water molecules.
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Figure 4. Comparison of the structure of the T. thermophilus (left) and human (right) tyrosyl-tRNA synthetases. Both enzymes are
dimers but only one subunit is shown. The catalytic domain is in light grey, the so-called alpha helical domain in dark grey (but note the
f3-structure in the human enzyme). The bacterial enzyme has a specific C-terminal domain which binds the anticodon stem-loop and
variable arm of the tRNAtyr (Yaremchuk et aI., 2002). The human enzyme is truncated at the C-terminus (Ct), the non-essential cytokinelike domain being absent.

are three in hnRNP K and indeed hnRNP K binds both single stranded RNA and DNA. Numerous studies have shown
that hnRNP K has diverse specific functions. In the nucleus,
these include transcriptional activation of the human c-myc
gene by binding specifically to a dCdT rich promoter element and in the cytoplasm, regulation of the translation of
erythroid 15-lipoxygenase (LOX) by binding to specific CUrich sequences (the DICE element) on the 3' UTR of the
mRNA.lndeed hnRNP K has now been implicated in the regulation of gene expression at many levels including transcription, mRNA processing, mRNA transport, mRNA stability and translation and itself seems to be regulated by
phosphorylation (e.g. by Src). Such a broad involvement suggests that it act as a bridging or platform molecule that facilitate the association of proteins in multi-component regulatory and signalling complexes.
hnRNP K is highly modular, comprising three KH domains,
two RGG boxes, a cluster of three proline-rich motifs which
have been shown to bind SH3-binding domains (e.g. Src-c1ass
of tyrosine kinases), a novel nuclear shuttling domain, KNS
domain, which confers the capacity for bi-directional transport across the nuclear envelope apparently using an uncharacterised nucleocytoplasmic transport pathway. Finally, the
fourth domain near the C terminus recruits an interleukin-

I-responsive kinase that phosphorylates hnRNP K in a
nucleic acid-dependent fashion.
We are studying the structure of hnRNP K in collaboration
with the group of Matthias Hentze in the Gene Expression
programme in EMBL Heidelberg. Our goal is to determine
the three dimensional structure of hnRNP K and its interacting partner complexes using X-ray crystallography in
order to provide a structural basis for understanding the
various roles of this multi-functional protein. Previously we
have reported the very high resolution crystal structure
(0.9A) of the C-terminal (third) KH domain of hnRNP K,
denoted KH3. This year we have succeeded in determining
the crystal structure of KH3 complexed with ssDNA giving
insight into the sequence base specificity of the domain and
on how it also might recognise RNA.
Rod shaped crystals were obtained, after several months, by
co-crystallisation of the KH3 domain with the deoxyoligonucleotide IS-mer S'-TTCCCCTCCCCATTT-3', a
sequence derived from the promoter element of the human
c-myc gene. The crystals are of space-group P3 1 2 1 , cell

dimensions a=b= 54.oA, c = 149.7A, a = = 90 and y = 120
and diffract to 2.3A resolution. For a long time the structure
remained undetermined due to the failure of initial attempts
0
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at molecular replacement, the inability to find useful heavy
atom derivatives, and the irreproducibility of crystals, which
prevented crystallisation with halogenated DNA. The uncertainty that the crystals actually contained the complex was
finally removed by microPIXE (Proton Induced X-ray
Emission) experiments performed by Dr. Elspeth Garman
(Oxford University). This method allows relative elemental
composition to be accurately determined on micro-samples
such as a single thoroughly washed protein crystal. A strong
phosphorus signal, absent in control native KH3 crystals,
confirmed the presence of DNA and the phosphorus to sulphur signal atomic ratio (4.4+/-0.3) was highly consistent
with the crystal asymmetric unit containing three KH3
domains per IS-mer of DNA, using the fact that the KH3
domain construct contains only one sulphur atom in the Nterminal methionine. Further confirmation of this result
came from self-rotation calculations on the native data which
revealed strong evidence for a nine-fold axis (K = 40°) parallel to the crystallographic 3-fold screw axis. The structure
was finally solved using molecular replacement (programme
MOLREP) and the NMR solution structure of the FUSE-binding protein (FBP) KH domain in complex with single stranded DNA (Braddock et 01., 2002). The current refined model
has a working R-factor of 21.2% and a free R-factor of 28.8%
at 2.3 A. The structure reveals that two KH3 domains are
bound to successive sequences on the DNA while the third
KH3 domain does not contact the DNA.
We also tried to co-crystallise the KH3 domain with a number of shorter DNA oligonucleotides. The best results have
been obtained with S'-CTCCCC-3' which gives hexagonal
rod shaped crystals 3-4 days after set-up. They diffract to 1.8
A and belong to the trigonal space group P3121 with cell
dimensions a b 52.6 A, c
104.9 A,
y 120°.
The structure was solved by molecular replacement using
the previously solved KH3-IS-mer DNA structure as a
search model. The unit cell contains two nearly identical
KH3-DNA complexes in the asymmetric unit. The current
refined model has a working R-factor of 19.3% and a free Rfactor of 24.4% at 1.8 A.

= =

=

=

The two refined structures of KH3 in complex with ssDNA
show very similar features in particular that one KH3
domain interacts with only four nucleotides. The longer
DNA (S'-TTCCCCTCCCCATTT-3') is capable of interacting with two KH3-domains through two slightly different
sequences. One KH3-domain interacts with the four 5' C
bases, whereas the other interacts with the followingTCCC
sequence. The rest of the nucleotides in the oligonucleotide
are not visible in the electron density, probably because they
do not interact with the protein and are consequently rather
flexible. In the complex with S'-CTCCCC-3' the KH3
domain interacts with TCCC.
The KH3 domain contains three a helices and three
strands arranged in a
fold. There is almost no structural difference between free and DNA bound forms of
hnRNP K KH3.The ssDNA contacts the protein in a narrow
groove between the invariant Gly-X-X-Gly loop and the
variable loop. Specific recognition of the central two
cytosines is observed through interactions with Arg-40 and

Arg-S9, water molecules, and the backbone oxygen atom of
Ile49.When comparing our structure with the recently published hnRNP K KH3-DNA NMR structure (Braddock et 01.
2002) we see some significant and puzzling differences in the
protein-DNA interface. For instance, the NMR structure
reports an extensive network of weak hydrogen bonds
involving the methyl groups of Ile-29, lIe-36 and lIe-49 with
the 02 and N3 atoms of the cytosine bases, an unusual
mode of base recognition. In our structure, the corresponding isoleucines form a hydrophobic core and with normal
polar hydrogen bonds to the bases as mentioned above. On
the other hand our structure is remarkably similar to the
Nova-2 KH3-RNA structure which specifically interacts with
UCAC (Lewis et 01., 2000). This allows us to postulate that
KH3 can interact with ssRNA in an almost identical manner
to ssDNA and thus recognise rCCCC or rUCCC.

NMR studies on the interaction of hnRNP K KH3
domain with nucleic acid
(with Ana Messias and Michael Sattler, EMBL
Heidelberg)
Unfortunately we have not been able to co-crystallise KH3
with a variety of different oligoribonucleotides.We therefore
used NMR to investigate the interaction of KH3 domain
with two RNA oligos related to the differentiation-control
element (DICE) in the 3' untranslated region (UTR) of LOX
mRNA. The first oligo was identical to the so-called short
DICE motif (S'-UCCCCAA-3').The second oligo comprised
one of the ten CU rich repeats in the DICE element in the
3' UTR of LOX mRNA (S'-CCCCACCCUCUUCCCCAAG-3'). With a ISN-iabelled KH3 sample, we performed
titration studies with both RNA oligonucleotides. These
showed that a large portion of the KH domain is involved in
binding the RNA with residues in a I, a2, the GKGG loop
connecting a I and a2, P2, and the C-terminal end of I
exhibiting the largest changes. The equilibrium dissociation
constant, KD , was estimated to 2
which is very similar to
the value reported for the KH3 in complex with ssDNA
(Braddock et 01. 2002). However, the titration curves with
RNA are different from the ones with DNA and show cooperativity. This is mostly restricted to backbone amides near
the C-terminus and the variable loop and may correlate with
a change in conformation and possibly dynamics upon RNA
binding which apparently is not found with DNA binding.

Structural studies of proteins
involved in nonsense-mediated
mRNA decay
aan Kadlec)

Eukaryotic mRNAs undergo a number of quality control
steps to ensure that incorrect proteins are not translated.
mRNA quality is controlled at different stages in mRNA maturation, including transcription, pre-mRNA processing,
mRNA export and translation (Maquat et 01., 200 I).
Nonsense-mediated mRNA decay (NMD) is a mechanism
which allows recognition and degradation mRNAs containing premature termination codons. These can arise for
example from aberrant transcription initiation, inaccurate or
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inefficient splicing and frameshift or nonsense mutations in
DNA. NMD thus prevents expression of potentially dangerous truncated proteins at high levels. In mammalian cells
NMD is elicited if a premature stop codon occurs more than
50-55 nucleotides upstream of the 3'-most exon-exon junction of an mRNA, which is not the case in normal mRNAs.
NMD is thought to take place during the first round of translation (Ishigaki et 01., 200 I) although understanding of the
exact mechanism and location remains incomplete and controversial. NMD is thought to depend on the splicingdependent deposition of a protein complex 20-24 nucleotides upstream of exon-exon junctions (Le Hir et 01.,2000).
During mRNA export into cytoplasm, one of the components of this complex, nucleocytoplasmic shuttling protein
Upf3, recruits Upf2, another protein implicated in NMD. In
the cytoplasm, these proteins are normally stripped from the
mRNA with the first passage of a ribosome during translation. If, however, translation terminates at a premature termination codon being at least 50-55 nucleotides upstream of
the exon-exon junction, Upf2 remaining downstream can
interact with another NMD protein, Upfl, in complex with
translation termination factors, leading to mRNA decaping
and rapid 5' to 3'degradation (Lykke-Andersen et 01., 2000;
Serin et 01., 200 I).
The aim of this project is to provide structural information
on proteins involved in nonsense-mediated mRNA decay,
notably human Upf2 and Upf3, separately and/or in a complex. Solving structures of these main actors of NMD would
help us to understand better its mechanism on a molecular
level. This might be important as well from a clinical aspect,
as an estimated one third of inherited genetic disorders are
caused by frameshift or nonsense mutations, which result in
generation of premature termination codons, that are potential targets of NMD.
Human Upf2 is a 1,272-amino-acid protein having a predicted molecular mass 148 kDa and pi of 5.5. It comprises three
so-called MIF4G (middle portion of eIF4G) domains. This
domain is also found in the translation initiation factor elF4G
and the large subunit, CBP80, of the nuclear cap-binding
complex (see above) and comprises five successive helical
hairpins (Ponting, 2000). Using yeast two-hybrid system and
deletion mutagenesis the Upf3 binding site was mapped to
residues 761-1072 including the third MIF4G domain (Serin
et 01., 200 I). There exist two homologous Upf3 proteins in
mammals, Upf3a and Upf3b which are both basic proteins
having 476 and 470 amino-acid residues respectively. Their
N-terminal halves are 86% similar, while the C-terminal parts
are considerably more divergent. The Upf2 binding site was
mapped to the conserved N-terminal region (Serin et 01.,
2001).
As the preparation of full-length Upf2 and Upf3b proteins
was rather difficult due to low expression levels and degradation, we concentrated mainly on fragments of Upf2 and.
Upf3b nevertheless capable of forming a complex. Using
DNA provided by Professor Lynne Maquat (University of
Rochester) we prepared a Upf2 construct coding for the
third MIF4G domain and a Upf3b construct containing the
conserved an N-terminal domain. The proteins were
expressed as TEV cleavable, His-tag fusions in E. coli and puri-

fied separately. After mixing the pure proteins the
Upf2/Upf3b complex was further purified on Superdex 200
gel filtration column. The Upf2/Upf3b complex was crystallized using the hanging-drop method giving orthorhombic
crystals (space group P2 12 12) which diffract weakly to about
3.oA resolution. Currently, we are trying to solve the structure using heavy atom derivatives and MAD techniques.

Adenovirus proteins
Structural studies

of adenovirus 2 penton base

(Chloe Zubieta with Guy 5choehn, 185, Grenoble, and
the group of Dr.jadwiga Chroboczek, 185, Grenoble)
Adenoviruses are non-enveloped DNA animal viruses comprising roughly 100 serotypes, half of which infect humans. In
addition to their importance as human pathogens, adenoviruses have acquired considerable interest as one of the
most effective vehicles for gene therapy. The adenovirus is
organized into an icosahedral particle approximately 900A in
diameter. The particle capsid is composed primarily of two
proteins, the trimeric hexon and the pentameric penton
base. The twenty facets of the icosahedron are formed by
240 hexons and the twelve vertices are formed by the penton base. Apart from its structural role, the penton base
interacts with cell surface integrins, an interaction essential
for the internalization of the viral particle. Atomic resolution
structural information on the adenovirus capsid proteins
along with their interacting partners is crucial for a more
detailed understanding of both adenovirus assembly and cell
internalization. This will help understanding not only virus
pathogenicity but also permit manipulation of determinants
of binding and internalization potentially leading to improved
gene therapy vector design with enhanced delivery and less
inflammatory and immune response.The structural information available for the penton base is limited to a 20-25 A resolution cryo-EM reconstruction of the virus (Stewart et 01.,
1991), a 20-25 A cryo-EM of the Ad3 dodecahedron
(Schoehn et 01., 1996) recently extended to 15 A, and -21 A
cryo-EM structures of Ad2 and Ad 12 complexed to recombinant uvPs integrin (Chiu et 01., 1999). Currently, there is no
high-resolution crystal structure available for the penton
base.
Previously we have pursued crystallographic studies on the
Ad3 penton base which naturally forms icosahedral particles
comprising 12 penton bases (60 monomers) (Schoehn et 01.,
1996). Difficulties in sample preparation and reproducibility
of crystals led us to turn our attention to Ad2 penton base
which does not normally form dodecahedra. Recombinant
baculovirus containing the full-length Ad2 penton base gene
was obtained through collaboration with Dr. Jadwiga
Chroboczek at the Institut de Biologie Structurale (IBS). The
full-length construct yielded -10 mg of purified protein from
109 insect cells. On SDS-PAGE, all purified fractions exhibited multiple bands based which could not be separated. Most
likely the penton base subunits had varying degrees of N
and/or C terminal proteolysis that formed hetero-pentamers of similar molecular weights and charge profiles.
Initial crystallization screens of the full-length protein gave
crystals in two different conditions. Small hexagonal plate
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Figure 5. Left:Adenovirus serotype 2 pen-

ton base dodecahedra formed under crystallization conditions. Right. Adenovirus 2
penton base pentamers as they are initiolIy purifed.

crystals of size -7sxsOx 15 mm were examined on microfocus beamline ID 13 at the ESREThe unit cell dimensions were
a=414A, b=260A, c=460A, b= 106° and the space group
primitive monoclinic with diffraction to -sA.The crystals diffracted weakly and were highly radiation sensitive making
data collection highly problematic. Repeated attempts to
optimize crystal growth through the use of micro-seeding,
streak-seeding, and macro-seeding techniques have not
resulted in increased crystal size or quality. Interestingly,
crystals with these cell dimensions had previously been
obtained with the Ad3 dodecahedron. Under normal buffer
conditions Ad2 penton base forms isolated pentamers in
solution as shown in electron microscopy (EM) experiments.
However, dissolved Ad2 penton base crystals exhibit dodecahedral particles (Figure 5) very similar to those formed by
Ad3 penton base and presumably also comprising 12 penton
bases. Formation of dodecahedra thus appears necessary for
crystallization of Ad2 penton base and is consistent with the
large unit cell dimensions found for the crystals.
Because crystal improvement was not successful, new constructs were explored to facilitate crystal growth and
increase crystal diffraction quality. Based on N-terminal
sequencing of major bands from the purified full-length construct, two new constructs with short N-terminal truncations were designed. Crystallization trials of these constructs
produced in both cases small hexagonal plates in the same
conditions as for the full-length construct. However, the -49
construct formed some larger crystals and exhibited several
different crystal morphologies. One such form crystallized in
spacegroup p2 12,2, with unit cell dimensions a=339A,
b=34SA, c=372A, with diffraction quality far superior to that
of the monoclinic form. The cell dimensions and symmetry
are again strikingly reminiscent of a cubic crystal form (p2 13,
a=b=c=339A) of the Ad3 dodecahedron! The ESRF microfocus beamline ID 13, together with its EMBL designed microdiffractometer, was critical for the success of data collection.
Small wedges of 10° were collected on multiple areas of a
single crystal, enabling the collection of a complete dataset
to s.3A. A long exposure revealed resolution to -3.6A, how-

ever the small crystal size and sensitivity to radiation damage prevented data collection at this resolution. Self rotation
functions exhibit a pattern of 2-, 3- and s-fold symmetry axes
characteristic of an icosahedron and should allow initial orientation of the particle. Current efforts are focusing on trying to phase the data using the IS-20A resolution EM reconstruction of the Ad3 dodecahedron done by Guy Schoehn
(EMBL/IBS). Hopefully, this combined with high non-crystallographic symmetry, will be sufficient for the atomic resolution structure determination without the necessity of independent phase information derived from heavy atom soaks
or seleno-methionine substituted protein.

Structure

of the Ad3 7 fibre

head domain

(Wim Burmeister, UJF Grenoble, visitor, Delphine
Guilliguay, Luke Chao with Niklas Arnberg, Goran
Wadell, Susanne Johansson and Jan Kihlberg, Umea
Universitet, Sweden)
CAR (coxsackievirus and adenovirus receptor, a cell surface
protein implicated in formation of tight junctions) is the primary receptor for the majority of adenoviruses and the head
domain of the virus fibre protein binds it directly. However
other potential receptors have been proposed. Ad37 is an
important adenovirus serotype causing infective conjunctivitis in Asia. The head domain of Ad37 fibre is unusually basic
and has been reported to bind sialic acid and indeed use this
ligand for primary cell attachment (Arnberg et 01., 2002). In
collaboration with groups at Umea University, we expressed
the Ad37 fibre head domain in E. coli using a construct containing a histidine tag and a TEV cleavage site for easy purification.The protein could be crystallised and the 1.5 Astructure could be obtained. Soaks with sialyl-Iactose revealed the
binding site of this sugar by the fibre head. There are only a
few interactions between the sialic acid and the fibre head
and none with subsequent sugar residues. These observations agree with affinity measurements of the receptor
domain for different sialylated proteins and sialyl(2,3)- and
(2,6)-Iactose which have been carried out by our Swedish
collaborators on a Biacore apparatus.
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Epstein-Barr virus structural genomics
(Wim Burmeister, UJF Grenoble, visitor, Tibault Geoui,
DEA student, UJF Grenoble, Marlyse Buisson,
Grenoble university hospital, visitor, and Rob Ruigrok
with Daniel Garin and Noel 5caramozzino, CR55A,
Grenoble, Frank Kozielski, IB5)
In autumn 2002 a project on the structural genomics of
Epstein-Barr virus (EBV) started as part of the EU Structural
Proteomics in Europe (SPINE) programme. Initially expres-
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Our group is studying mechanisms of transcriptional regulation and nuclear transport using X-ray crystallography combined with other biophysical and biochemical techniques.
One major theme of our research is the structure/function
relationship of eukaryotic transcription factors, their interactions with DNA target sites and the mechanisms, which
control their cellular localisation. In the last year we could
solve crystal structures of a GCM-transcription factor/DNA
complex and of Dictyostelium STATa in its unbound form.
Transcriptional regulation often requires the joint action of
different proteins organized in large complexes. We previously had started work on the nucleosome remodelling
complex CHRAC and its ATPase ISWI, which has now led to
the structure determination of a large C-terminal ISWI fragment. The analysis of two other large complexes, the general transcription factor complex TFIlIC and RNA polymerase
III from yeast, has also been initiated in the last year.

Transcription factors
GCM:DNA complex
(Serge Cohen, Martine Moulin, collaboration with W.
Meyer-Klaucke, EMBL Hamburg and M.
Universitiit Erlangen, Germany)
The transcription factor GCM (glia cell missing) directs differentiation of neuron precursor cells into glia cells in
Drosophila, whereas mammalian GCM proteins are involved
in the morphogenesis of the developing placenta and the
parathyroid gland. GCM transcription factors share a highly
conserved, 150 amino acid residue DNA-binding domain,
termed the GCM domain, which binds as a monomer to an
octameric DNA target sequence.The combination of EXAFS
spectroscopy (in collaboration with W. Meyer-Klaucke, EMBL
Hamburg) and particle induced X-ray emission analysis
(PIXE) revealed the presence of two Zn ions which are ligated by six cysteine and two histidine residues.
We have solved the crystal structure of the GCM domain of
murine GCMa bound to a 13-mer DNA duplex using iodosubstituted DNA oligonucleotides. In the last year the structure has been refined to a crystallographic R-factor of 21.8%
(Rfree =28.3%) at 2.85 A resolution. The GCM-domain consists of a large and a small domain, which contain a 5-stranded and a 3-stranded p-sheet, respectively. DNA recognition
occurs through the joint action of both domains. The two
domains form a clamp that seizes the DNA from two sides

in the major groove (Figure I). One edge of the 5-stranded
p-sheet inserts into the major groove. Residues protruding
from the two outer p-strands contact four backbone phosphates and three DNA bases. The GCM domain is a novel
type of DNA-binding domain with no similarity to any other
DNA-binding domain. To further assess the relevance of the
interactions observed in the crystal structure, several DNAcontacting residues were mutated and their binding affinity
to consensus and mutated DNA target sequences was analyzed.

Structural studies of the STATa transcription (actor from Dictyostelium discoideum
(Montserrat Soler-Lopez, Carlo Petosa, collaboration
with J.G. Williams, University of Dundee, UK)

The amoeba Dictyostelium discoideum starts its life cycle as a
unicellular organism and proceeds through a series of stages
culminating with the formation of the "fruiting body", a multicellular aggregate composed of a spore-containing cap
structure and a long, slender stalk. Stalk cell differentiation is
mediated by Dd-STATa and Dd-STATc, two members of the
STAT (Signal Transducer and Activator of Transcription) protein family. Most mammalian members of this family contain
five domains, including a DNA-binding domain and an SH2
domain. Phosphorylation of a tyrosine near the C-terminus
triggers dimerization, with the phosphotyrosine of one STAT
monomer bound to the SH2 domain of the other. Sequence
similarity between the Dd-STAT proteins and their mammalian counterparts is relatively high over the SH2 domain,
but quite low within the N-terminal half where the DNAbinding domain is located. Upon tyrosine phosporylation,
dirnerization and translocation to the nucleus, Dd-STATa
represses transcription of the target gene ecmB by binding to
specific sites within the promoter. These sites are characterized by the presence of inverted TTGA repeat motifs separated by one or two A/T base pairs.
We are currently pursuing structural studies of Dd-STATa.
We have co-expressed an N-terminally truncated form of
Dd-STATa with Elk kinase to specifically phosphorylate the
C-terminal tyrosine required for dimerization. Two crystal
forms of Dd-STATa without DNA were obtained that diffracted to 2.7 Aand 2.8 A, respectively (Figure 2). A combination of multiple isomorphous replacement (MIR) using
heavy atom derivatives and multi-wavelength anomalous diffraction (MAD) using selenomethionine Dd-STATa yielded
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an initial experimental electron density map at 3.2 A. The
final model was built and subsequently refined at 2.7 and 2.8
Afor each crystal form, respectively (Rfactor=0.21 / Rfree =0.27;
Rfactor=0.19/Rfree=0.25).
Comparison to the crystal structures of mammalian
and STAT I reveals similarities in the C-terminal SH2
domains required for dimerization and the adjacent connector domain. In contrast, striking differences are observed in
the N-terminal and DNA-binding domains.The crystal structure should give further hints about the evolutionary relationship among different STAT proteins.The structure of DdSTATa is also the first structure of a STAT protein not bound
to DNA. It suggests that Dd-STATa, but probably also mammalian STATs, undergo a large conformational change upon
DNA-binding.

ZEBRA/DNA complex
(Patrice Morand, Martine Moulin, Carlo Petosa, collaboration with J. M. Seigneurin, CHU Grenoble,
Universite Joseph Fourier, Grenoble, France)

assays using these constructs and AP I-like DNA target sites
present in the promoters of lytic genes showed that the bacterially expressed proteins bind to DNA. Initial crystals of
ZEBRA bound to DNA were obtained in the last year but so
far only diffract to low resolution.

RNA polymerase III transcription

RNA polymerase III transcribes genes encoding small structural RNAs that include 5S RNA, tRNA, adenovirus-associated (VA) RNA, and the U6 and 7SK RNAs. Together with
RNA polymerase III, transcription factor IIIC (TFIIIC) and
TFIlIB suffice for the transcription of tRNA, VA RNA, and
yeast U6 RNA genes, whereas expression of the 5S gene is
additionally dependent on TFIIIA.

Yeast TFIIIC complex
(Anastasia Mylona in collaboration with A. Sentenac,
CEA Saclay, France)

The Epstein Barr Virus is a ubiquitous human herpes virus
which persists benignly within a large proportion of the population but which is also found in a latent state in tumor cells
of several human cancers. The switch between latency and
lytic replication in cells occurs through activation of viral
lytic genes by the viral transcription factor ZEBRA (also
known as Zta, Z, EB I).

Yeast TFIlIC is a multisubunit protein of 600 kDa organized
in two large globular domains, ttA and ttB, of similar size and
mass. Affinity-purified yeast TFIIiC comprises six polypeptides of 138 (tt 138), 13 I (tt 131), 95 (tt95), 91 (tt91), 60 (tt60)
and 55 (tt55) kDa. Subunits tt 13 I, tt95 and tt55 form the ttA
subcomplex while tt 138, tt91 and tt60 the ttB subcomplex. In
tRNA genes, ttB binds to the highly conserved B box with
high affinity and shows all the properties of enhancer binding proteins. Binding of the ttA domain to the A box is weaker and mostly B box dependent (Figure 3).

ZEBRA belongs to the basic-region/leucine zipper (bZip)
transcription factor family and binds as a homodimer to AP 1like DNA sequences. Guided by sequence comparison and
limited proteolysis, we have bacterially expressed a number
of bZip ZEBRA constructs. Electrophoretic mobility shift

We are interested in the structure determination of the ttB
complex together with DNA. So far, we have been able to
express tt91 and tt60 in insect cells and to establish a purification protocol for each protein. However, tt 138 is not yet
well expressed. When pure tt91 and tt60 are mixed together,

Figure I. Structure

of the GeM

domain/DNA complex.
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the organism. In order to initiate a crystallization and structure determination project we are currently purifying the pol
III enzyme from yeast cells following a basic protocol established by our collaborators. In the future we plan to implement an alternative purification protocol consisting of an
additional immunoaffinity step, similar to the one successfully employed for yeast pol II.

Nucleosome remodeling factors
(Tim Griine, Florence Noel, collaboration with P.B.
Becker, UniversitCit Miinchen, Germany)

of the Dictyostelium STATa protein.
The largest crystal in this cluster of needles measures approximately 150 x 30 x 20 microns.
Figure 2. One crystal form

they form a stable complex that can be purified using size
exclusion chromatography. Crystals of the full-length complex 191/160 have been recently obtained which diffract to
at least 4 A resolution, but they are small and poorly reproducible. Attempts to improve the crystal quality will include
the proteolytic analysis of the complex and the crystallization of a digested 't91 /160 subcomplex.

Yeast RNA polymerase III
(Carlos Fernandez-Tornero in collaboration with A.
Sentenac, CEA Saclay, France)
RNA polymerase III (pol III) is the largest and most complex
RNA polymerase. A total of 17 unique genes encode the
subunits of RNA polymerase III in Saccharomyces cerevisiae
(700 kDa total mass). Five of these subunits define its central
core. C 160 is the largest subunit and is evolutionarily related to the largest subunit of other RNA polymerases.
Similarly, C 128 is related to the second largest subunit of
such polymerases. These two polypeptides form the active
site of the enzyme. AC40, ABC23 and AC 19 complete the
catalytic core. In addition to ABC23, four other subunits are
common to all three nuclear RNA polymerases (ABC27,
ABC 14.5, ABC IOu and ABC lOP), whereas eight subunits
(C82, C53, C37, C34, C31, C25, C 17 and C I I) are pol 111specific. It seems likely that these subunits contribute to pol
III-specific properties i.e. its localization within the nucleus,
interaction with pol III specific transcription factors, elongation through its peculiarly structured genes, facilitated termination, and interaction with RNA-processing enzymes. An
exhaustive two-hybrid screen and biochemical methods have
been used to study the interactions among and the relative
positions of pol III subunits within the holoenzyme.
The structure determination of yeast pol II and of various
ribosomal complexes have demonstrated that high-resolution crystal structures of large multi-protein complexes can
be successfully obtained using material directly purified from

Nucleosome remodeling factors are complex molecular
machines, which modulate histone/DNA interactions in
order to enhance the accessibility of nucleosomal DNA.
Common to all nucleosome remodeling factors is an ATPase
subunit of the SWI2/SNF2 helicase family. ISWI ATPases
form one subgroup of the SWI2/SNF2 helicases and are
characterized by the presence of SANT-related domains in
its C-terminal moiety. In Drosophila melanogaster the ISWI
ATPase (Mr= 120 kDa) is present in the complexes NURF (4
subunits), CHRAC (4 subunits), and ACF (2 subunits).
Limited proteolysis had yielded two proteolytically stable
fragments, the N-terminal two thirds of ISWI containing the
helicase domain and the C-terminal third containing two
SANT-related domains. The C-terminal third of ISWI was
bacterially expressed, and we were able to obtain crystals of
this construct. These crystals diffracted only weakly but on
one occasion we obtained a second crystal form (space
group C2, a= 109.5 A, b=66.3 A, c=82.8 A, p= 124.4°) diffracting to better than 1.8 A. These crystals were subsequently used for seeding. Last year we were able to solve the
structure by the MAD method using Se-methionine substituted protein. The structure has now been refined to a crystallographic R-factor of Rwork = 21.8% (Rfree =25.3%) using
data between 20-1.9

A resolution.

The C-terminal third of ISWI forms an elongated cylinder
with hook-like protrusions at both ends. The SANT and
SANT-like domain present in the structure are connected by
a helix of 45 A length. As predicted, SANT domain and
SANT-like domain are both closely related to c-Myb DNA
binding modules, but also to other homeodomain transcription factors. However, a detailed structural comparison suggests different roles for the SANT and the SANT-like
domain.

Aurora kinase family
(Clemens Grimm, in collaboration with F. Sirot-Lavy &
S. Dimitrov, Institut Albert Bonniot, Universite Joseph
Fourier, Grenoble)
The covalent modification of N-terminal histone tails, such
as acetylation, phosphorylation and methylation, are alternative possibilities for modifying chromatin structure and regulating transcription. Aurora kinases are involved in various
events during mitosis and are associated with several human
cancers. One substrate of Aurora kinase is serine 10 of the
H3 histone tail, suggesting a possible role for Aurora kinases
in transcriptional regulation.
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Figure 3. Schematic representation of yeast RNA polymerase III recruitment by general transcription factor complexes TFIIIB and
TFIIIC (Courtesy of the group ofA. Sentenac).
We have solubly expressed full length Aurora A and Aurora
B kinases (as well as their kinase domains) in Escherichia coli.
Typical yields of 3 mg purified protein per liter of bacterial
culture volume enabled us to perform extended crystallization screens with and without the inhibitor AppNHp (5']-triphosphate). Crystals were obtained
from the full length Aurora A as well as from the kinase
domain protein in the presence of AppNHp.The latter crystals diffract to 3 A resolution, permitting a 3.2 A dataset to
be collected with an Rmerge of 7.6%.

Nuclear export factor Crm I
(Carlo Petosa, Martine Moulin collaboration with the
groups of I. Mattaj, EMBL Heidelberg and R. Ruigrok,
EMBL Grenoble)
Macromolecular traffic between the nucleus and cytoplasm
is a fundamental activity of the eukaryotic cell. Transport
from the nucleus to the cytoplasm of proteins bearing a
leucine-rich nuclear export signal (NES) is mediated by the
export factor Crm I (Exportin I). Crm I is a -120 kDa protein belonging to the importin family of nuclear transport
receptors. These proteins share the ability to bind the small
GTPase Ran and to interact with proteins of the nuclear
pore complex (nucleoporins). Although Crm I by itself binds
to its NES-bearing cargo relatively only weakly, binding is
substantially enhanced in the presence of
The Nterminal domain of Crm I binds to Ran, while the highly conserved central region is probably involved in recognizing the
NES-bearing cargo. Based on secondary structure prediction

and weak sequence similarity to importin
Crm I is presumed to consist predominantly of an array of consecutive
helix-turn-helix motifs termed HEAT repeats. However, the
highly degenerate nature of these repeats makes it difficult
to know their exact locations within the primary sequence,
such that experimental structural information are critical for
understanding the three dimensional structure and function
ofCrml.
We are currently pursuing structural studies of Crm I. We
have recently identified a proteolytically resistant fragment
spanning the C-terminal 300 residues of human Crm I, for
which crystals suitable for structure determination have
been obtained (Figure 4). Efforts are currently underway to
obtain experimental phases using heavy metal derivatives
and selenomethionine-substituted protein. The function of
this C-terminal fragment is unknown, but it may participate
in NES cargo binding or in interactions with certain nucleoporins. Electron microscopy studies carried out on the fulllength protein indicate that this region is in close proximity
to the Ran-binding domain of Crm I, suggesting a possible
role in mediating the co-operative effect between Ran binding and cargo binding.

Insulin-like growth factor I receptor
(Clemens Grimm in collaboration with B. Groner,
Georg Speyer Haus, Frankfurt a. M., Germany)
The insulin-like growth factor I receptor (IGF-I R) plays a
central role in the malignant transformation of human cells.
The receptor relays potent mitogenic, anti-apoptotic and

- - - - - - - - - - - - - - - - - - - - - - - - 265 - - - - - - - - - - - - - - - - - - - - - - - -

EM BL Research Reports 2002

transforming signals to the cell. The IGF-I receptor consists
of two a and two
chains covalently linked by disulfide
bonds. The extracellular receptor part is connected via a
transmembrane helix to an intracellular tyrosine kinase
domain. Binding of IGF-I to the extracellular part of the
receptor causes a conformational change which is thought
to affect mostly the dimerisation mode ultimatively resulting
in the auto-phosphorylation of the intracellular kinase
domain. Molecules that interfere with this ligand-induced
conformational change or the ligand binding itself could act
as powerful tools to inhibit tumor growth.We want to identify such molecules using peptide aptamers and study their
interaction with the receptor. Currently, only the crystal
structures of the first three domains of the IGF-I receptor
and that of the tyrosine kinase domain have been determined.We are trying to obtain additional structural information for those parts of the receptor, which have not been
previously analyzed.

Figure 4. Crystals of a proteolytically resistant C-terminal fragment of human Crm /. The two diamond-shaped crystals in the
centre measure roughly 50 x 50 x 5 microns.

So far, 17 different constructs spanning the region between
the L2 and the FN-III-3 domain have been subcloned from
IGF-I receptor cDNA. Using the GATEWAY cloning system
each of these constructs were transferred into 3 different
bacterial expression vectors yielding proteins with His,
thioredoxin and GST tags, respectively. 48 of these constructs were tested for soluble expression in E. coli. No soluble expression was detected during these studies, nevertheless many constructs showed strong insoluble expression
of the desired protein. Screens for refolding conditions were
performed for purified and resolubilized inclusion bodies of
five his-tagged constructs.The most promising refolding conditions are currently optimized.
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Negative strand RNA virus
nucleocaspids
Positive strand RNA viruses start the infection process after
cell entry with the production of viral proteins by using the
cellular translation machinery and the viral RNA as messenger. Negative strand RNA viruses have a viral genome that is
in the complementary sense of mRNA. Therefore, the first
activity of negative strand RNA viruses is transcription and
production of viral mRNAs. For this purpose, the virions
carry an N-RNA structure that consists of the viral RNA
(vRNA) that is tightly associated with the viral nucleoprotein
(N or NP). At least for influenza virus and vesicular stomatitis virus (VSV) it has been shown that N binds to the
sugar-phosphate backbone and that the nucleotide bases are
exposed to the outside (Baudin et 01., 1994; Iseni et 01., 2000).
The viral N-RNA has its own RNA-dependent RNA polymerase attached.The polymerase binds either directly to the
N-RNA, as is the case for influenza virus, or it binds with the
help of a co-factor, like the phosphoprotein of the paramyxoviruses and the rhabdoviruses. The intact N-RNA is the
actual template for transcription rather than the naked
vRNA and the possible role for the nucleoprotein is exposing the nucleotide bases for efficient reading by the polymerase.
The nucleoproteins of rabies virus and measles virus have
been expressed in insect cells and form N-RNA complexes
with cellular RNA that are indistinguishable from actual viral
N-RNAs. These recombinant N-RNAs can be purified on
CsCI gradients on which they migrate to the same density as
N-RNA isolated from virus. After the gradient purification,
their optical density spectra are characterised by high
A260/A280 ratios indicating the presence of nucleic acid.

Marburg virus nucleocapsids

(Manos Mavrakis, Guy Schoehn and Rob Ruigrok in
collaboration with Larissa Kolesnikova and Stephan
Becker, Institute for Virology Philipps-Universitat
Marburg)
When Marburg virus (MBGV) nucleoprotein (NP) is
expressed in insect cells it also binds to cellular RNA and
forms NP-RNA complexes. Recombinant MBGV NP-RNA
forms loose coils that resemble rabies virus N-RNA (see

Figure I). MBGV NP monomers are rods that are spaced
along the coil like the nucleoprotein monomers of the rabies
virus N-RNA. High salt treatment induces tight coiling of the
MBGV NP-RNA, again a characteristic observed for other
non-segmented negative strand virus N-RNAs.
Electron microscopy of fixed Marburg virus (Figure 2) shows
that the viral nucleocapsid has a smaller diameter than the
free, recombinant NP-RNA. This difference in helical parameters could be caused by the interaction of other viral proteins with the NP-RNA. A similar but opposite phenomenon
is observed for rhabdovirus nucleocapsids that are condensed by the viral matrix protein upon which they acquire
a larger diameter. Finally, there appears to be an extensive
and regular protein scaffold between the viral nucleocapsid
and the membrane that seems not to exist in the other negative strand RNA viruses.

The nucleoprotein in the nucleocapsid influences the way in which the
polymerase reads the RNA template
(Florence Baudin and Rob Ruigrok in collaboration
with Frederic Iseni, Dominique Garcin,jean-Baptiste
Marq, and Daniel Kolakofsky, University of Geneva
School of Medicine)

Electron micrographs of negatively stained SendaiVirus (SeV)
nucleocapsids show a flexible helical assembly (see Figure I)
with 13 N-subunits per turn and variable pitch, in which each
N monomer binds 6 nucleotides. For paramyxoviruses, efficient replication of model mini-genomes in transfected cells
requires that their total length be a multiple of six, and viruses of this group all have genome lengths that are multiples of
six. The efficiency of the 3' end promoter presumably
depends on the position of the promoter elements relative
to the N subunits, and this "phase" is determined by the total
number of nucleotides in the genome chain since N is
assembled in a contiguous fashion onto the newly produced
viral RNA.
The genomic and antigenomic replication promoters of
paramyxoviruses are bi-partite in nature. The end element
comprises the first 12 nt and a downstream element is bound
to the 14th, 15th and 16th N protein subunits, such that the
downstream element is adjacent to the first twelve
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Figure I. Electron micrographs of negatively stained
nucleoprotein-RNA complexes of non-segmented negative strand
RNA viruses. The MBGV sample is recombinant NP-RNA produced
in insect cells and subsequently negatively stained for EM with 1%
uranyl acetate. The rabies and Sendai samples are N-RNA isolated
from virus and purified over a CsCI gradient and subsequently
negatively stained for EM with I % sodium silicotungstate. The
magnification of the three panels is the same and indicated by the
bar in the top picture.

nucleotides in the helical nucleocapsid with 13 subunits per
turn. This common or contiguous surface of the template
may serve as a recognition site for the initiation of RNA synthesis by the polymerase at nt # I. Finally, viruses within the
Paramyxovirinae share another property unique to this virus
subfamily; they edit their P gene mRNA by adding I to 6
guanylates within short runs of Gs (3-7 long) via pseudotemplated transcription. The G insertions are genetically
controlled by an upstream sequence, whose hexamer (or N
subunit) phase is conserved within each genus of the
Paramyxovirinae (Kolakofsky et al., 1998).
In order to determine whether the hexamer phase of a given
nucleotide sequence within nucleocapsids affected its sensitivity to chemical modification (as a measure of its exposure

of Marburg virus fixed with 4%
formaldehyde and negatively stained with 2% phophotungstic
acid.
Figure 2. Electron micrographs

to the outside), and whether hexamer phase of the mRNA
editing site was important for the editing process, we prepared a matched set of viruses in which a model editing site
was displaced I nucleotide at a time relative to the genome
ends. The relative abilities of these Sendai viruses to edit
their mRNAs in cell culture infections were examined, and
the ability of DMS to chemically modify the nucleotides of
this cis-acting signal within resting viral nucleocapsids was
also studied. Cytidines at hexamer phases I and 6 were the
most accessible to chemical modification, whereas mRNA
editing was most extensive when the stutter-site C was in
positions 2 to 5 (Figure 3). Apparently, the N-subunit
imprints the nucleotide sequence it is associated with, and
affects both the initiation of viral RNA synthesis and mRNA
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Figure 3. Reactivity of cytidines and RNA editing activity as a function of the position of the nucleotide on the N subunit. The nucleoprotein monomers are represented as ovals and the nucleotides as coloured bars The cytidines are most available (red bars) at the outside positions on N and least reactive (blue bars) at the inside positions. The editing activity, however, is most extensive when the edited

substrate C is at the inside positions on N.

editing. The N-subunit assembly thus appears to superimpose another code upon the genetic code.

Rabies N°-P complex

(Manos Mavrakis, Guy Schoehn and Rob Ruigrok in
collaboration with Catherine Mazza, Cusack group,
Marc Gentzel and Thomas Franz, Bioanalytical
Research Group, EMBL Heidelberg, Christine Ebel, IBS
Grenoble, and Frederic Iseni, University of Geneva
School of Medicine)
The non-segmented negative strand RNA viruses, like the
rhabdoviruses and the paramyxoviruses, code for a phosphoprotein (P) that is both a polymerase co-factor and a
chaperone for newly produced nucleoprotein that is not yet
bound to vRNA. As a polymerase co-factor P binds the polymerase to the N-RNA. It is likely that the P protein that acts
as a polymerase co-factor is in an oligomeric state and it has
been suggested that phosphorylation of vesicular stomatitis
virus (VSV) P has an influence on its polymerisation state and
on its activity in transcription. Although there is still some
discussion about the oligomeric state of rhabdovirus Rthe
oligomerisation domain of Sendai virus (paramyxovirus) P
was recently crystallised and found to be a tetramer
(Tarbouriech et al., 2000).
When N is expressed alone in eukaryotic cells, it binds nonspecifically to cellular RNAs. However, in rhabdovirus infected cells virtually all the N binds only to newly produced viral
genomic RNA, but not to viral mRNA nor to cellular RNAs.
This is because in infected cells the phosphoprotein binds as
a chaperone to the nucleoprotein and prevents binding of N
to mRNA or cellular RNA. The phosphoprotein only releases the nucleoprotein for binding to newly formed vRNA (or
cRNA), possibly by a signal from the viral RNA-dependent
RNA polymerase. When VSV Nand P are co-expressed in
vitro, a number of complexes containing Nand P are formed
with different N:P ratios (Masters and Banerjee, 1988; Peluso

and Moyer, 1988). However, of all the different complexes,
only the complex with an N:P ratio of I: I was able to support viral replication, so this complex seems to be the only
complex that keeps N in a soluble state that can then be
recruited into newly made viral N-RNA.This soluble form of
N is also called N° and the I: I complex N° -R We coexpressed rabies virus Nand P proteins in insect cells and
purified the N°-P complex. By analytical centrifugation we
could show that there exists only a single N°-P complex. By
native mass spectroscopy we were able to measure the
exact weight of the complex (121 kDa, see Figure 4) which
corresponds to one molecule of N plus two molecules of R
This conclusion was confirmed by negative stain electron
microscopy that showed a strong stain excluding spot (probably N) attached to two thin tails (probably 2 P monomers
or a P dimer).

Structure and function of the
Epstein-Barr virus protease, a target
for antiviral drug design

(Marlyse Buisson and Rob Ruigrok in collaboration
with Wim Burmeister, UJF Grenoble, visitor Cusack
Hernandez, Christine Ebel, David
Lascoux, Eric Forest and Gerard Arlaud, IBS, Grenoble,
Patrice Morand and Jean-Marie Seigneurin, Grenoble
University Hospital "CHU-Grenoble" and Medical
School)

Epstein-Barr virus (EBV), is a ubiquitous human gammaherpes virus that infects more than 90% of the human population with life persistence in B lymphocytes. In most cases,
primary infection occurs in young children and is asymptomatic. When primary infection by EBV happens in adolescents or adults, this may lead to infectious mononucleosis.
EBV has oncogenic potential in vivo and is associated with
several malignancies including African endemic Burkitt's Iym-
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Figure 4. Mass spectroscopy analysis of the N°-P complex.
deconvolution of the m/z range used, showing the presence of a
particle with a mass of /2/ ,000 Da.
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Figure 5. The EBV protease dimer. Loops involved in the interac-

tion with the substrate are highlighted, the central {3-barrel is
shown in light blue, the 3 C-terminal helices wrapped around it in
red, other helices in pink. The active site is marked by the DFP
inhibitor shown in a ball-and-stick representation. Poorly ordered
parts of the structure are shown in white.

phoma, nasopharyngeal carcinoma, Hodgkin's disease and
Iymphoproliferative disorders in immunodeficient individuals. The currently licensed antiviral drugs against human herpesviruses inhibit the viral DNA polymerases. Although
these drugs do inhibit the lytic cycle of EBV in vitro, they have
only anecdotal positive effect during infectious mononucleosis or for EBV associated malignancies. One target for the
development of anti-EBV treatment is the viral protease
essential for the production of infectious virus particles. The
protease domain is attached to assembly proteins that form
a spherical aggregate around which the capsid proteins are
assembled into an icosahedral structure. The protease then
cleaves the assembly protein so that it can leave the capsid,
a step that is essential for DNA encapsidation.
Since 1999, there has been an effort to solve the structure
of Epstein-Barr virus protease as a collaboration between
different partners at the university hospital in Grenoble, the
IBS and EMBL. After expression in E. coli and a biochemical
and biophysical study of the monomer-dimer equilibrium of
this enzyme as well as the design of a minimal substrate
(Buison et al., 200 I) we have now solved its structure by
ray crystallography to 2.3 A resolution. The enzyme had
been inhibited with diisopropyl-fluorophosphate (DFP). The
overall structure (figure 5) confirms the conservation of the
homodimer and its structure throughout the ex, p, and y-herpesvirinae. The substrate recognition could be modelled
using information from the DFP binding, from a crystal contact suggesting that the substrate forms an anti-parallel pstrand extending strand p5, and from the comparison with
the structure of a peptidomimetic inhibitor bound to
cytomegalovirus protease. In contrast to previous structures, the long loop (L9) located between p-strands 5 and 6
is partially ordered, probably due to DFP inhibition and a
crystal contact. It also contributes to substrate recognition.
The protease shows a specific recognition of its own C-terminus in a binding pocket involving residue Phe210 of the
other monomer interacting across the dimer interface. This
suggests conformational changes of the protease domain
after its release from the assemblin precursor followed by
burial of the new C-terminus and a possible effect onto the
monomer-dimer equilibrium. The importance of the
processed C-terminus was confirmed using a mutant protease carrying a C-terminal extension and a mutated release
site, which shows different solution properties and a strongly reduced enzymatic activity.

x-

The work is continuing with a further characterisation of the
enzymatic activity of the protease as well as its inactive precursor. Beacuse the substrate binding site is shallow and ill
defined and seems to be a bad target for drug design, we are
also exploring new possibilities to inhibit the enzyme by an
action on activation or dimerisation.

SPINE (Structural Proteomics IN
Epstein-Barr virus structural
genomlcs

(Above authors with further collaboration with Daniel
Garin and Noel Scaramozzino, CRSSA, Grenoble, and
Frank Kozie/ski, 18S)
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In autumn 2002 a project on the structural genomics of
Epstein-Barr virus started as part of the European SPINE
project. For the moment a student is validating expression
and purification protocols by working on uracyl DNA glycosidase of EBV We opted for an expression in E. coli of a
protein carrying an N-terminal histidine tag and a TEV protease cleavage site for an easy and efficient purification with

Publications during the year
Buisson, M., Hernandez, j.E, Lascoux, D., Schoehn, G., Forest,
E., Arlaud, G., Seigneurin, j.M., Ruigrok, R.W & Burmeister,
WP. (2002). The crystal structure of the Epstein-Barr virus
protease shows rearrangement of the processed C terminus. j. Mol. BioI., 324, 89-103

a minimal amount of added amino acids due to the expression system. At the IBS in Grenoble we carried out robotic
crystallisation trials. Activity assays are done in collaboration
with CRSSA, Grenoble. A number of targets with enzymatic activity has been identified which will be worked on starting in 2003.
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The last year we continued our projects concerning
enveloped virus assembly and budding and started to work
on cellular processes such as the formation of multivesicular
bodies and the budding of synaptic vesicles. We also made
considerable progress towards the understanding of the role
of Sec I-like proteins (SM proteins) in vesicle transport and
fusion processes and of complexin's function in SNARE complex mediated Ca2 + triggered exocytosis.

Virus assembly and budding

A key player in retrovral and filoviral budding is TsglOI
(tumor susceptibility gene), an inactive E2 enzyme and a
component of the vesicular protein sorting (Vps) machinery,
which mediates sorting into multivesicular bodies (MVB) in
yeast and endosomal targeting in mammalian cells. In yeast
Tsgi 0 I (Vps23p) forms together with Vps28p and Vps37p
the ESCRT-I complex, which selects ubiquitinylated cargo for
incorporation into MVB and mammalian Tsgi 0 I may playa
similar role. In addition direct ubiquitinylation ofVP40 was
shown in vitro and ubiquitin is often found in virus particles.

Enveloped viruses contain a matrix protein, which ensures
the structural integrity of viral particles. It also plays a pivotal
role in assembly and budding of newly formed infectious particles. Matrix proteins such as VP40 from Ebola virus interact
with cellular membranes, with assembled nuceocapsids and
cellular factors implicated in ubiquitination processes to
drive the assembly and budding process.

We have cloned a human homologue (hNeddS4) of yeast
RspS, which was previously shown to ubiquitinylate Ebola
virus VP40 in vitro. hNedd4 is an active ubiquitin ligase and is
composed of a C2 membrane targeting domain, four WW2
domains and a HECT domain.We showed thatWW domain
3 of human Nedd4 is necessary and sufficient for binding to
the PPXY motif ofVP40, which requires an oligomeric conformation of VP40. Single particle electron microscopy
reconstructions indicate that WW3 of Nedd4 is in close

ljoanna Timmins, Estela Pineda, Oliver Lenz, Xavier
Gomis-Riith)
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Figure I. Structure of Sly IP in complex
with a fragment of its cognate syntaxin
Sed5p. The domain structure of Sly IPis indicated by different colours. Beta sheets are
represented as arrows and a-helices as
cylinders and secondary structure elements
are labelled accordingly. Note that the N-terminus of Sed5p contacts domain II while the
remaining part interacts only with domain I.
The observed Sly Ip/Sed5p interaction mode
indicates how SM proteins can stay associated with the assembling fusion machinery in
order to participate in late fusion steps thus
exerting a positive regulatory function in cellular membrane fusion processes.
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contact with the N-terminal domain of ring-like YP40. We
also performed surface plasmon resonance studies to determine a dissociation constant (K d) of approximately 0.8 J.lM
between Nedd4 and oligomeric YP40.
In contrast to YP40-Nedd4 interaction, we found that the
ubiquitin enzyme variant (UEY) domain ofTsglOI binds to
the PTAP motif ofYP40, regardless of the oligomeric state.
These results suggest that hNedd4 and Tsgi 0 I may play
complimentary roles at a late stage of the assembly process,
by recruiting cellular factors of two independent pathways to
the site of budding at the plasma membrane (Timmins et al.,
2003).
These biochemical characterizations led to preliminary crystallization trials of complexes composed ofYP40 and Tsg I0 I
as well as hNedd4 alone and in complex with a peptide
derived from YP40's late domain.

Neuronal signaling - regulatory
processes at pre- and postsynaptic
membranes
Transport, docking and fusion of vesicles at specialized membrane domains involves members of protein families common to all trafficking events such as SNAREs, Sec I-like proteins (SM proteins), Rabs and NSF, as well as compartment
specific regulators. At a chemical synapse, vesicles dock at
the plasma membrane, fuse with the plasma membrane upon
Ca2+ influx and then recycle synaptic vesicles by budding and
fission from the pre-synaptic plasma membrane.
Neurotransmitters are then taken up by receptors, which
are clustered at specific postsynaptic plasma membrane contact sites and their availability at membrane micro-domains
is highly controlled.

Role of Sec I-like molecules (SM) in vesicle
transport and fusion
(Andreas Bracher)
SM proteins are a small family of cytosolic proteins with
seven members in higher eukaryotes and four members in
yeast. This includes Sec Ip, which controls exocytosis, Sly Ip,
which is active at Golgi and ER membranes, Yps45p, which
acts in trans Golgi network (TGN) and endosomal transport
processes and Yps33p, which restricts vacuolar/lysosomal
sorting processes. The functional importance of SM proteins
in intracellular traffic is evident from genetic studies, which
show the accumulation of vesicles at corresponding membranes and indicate a positive regulatory function for SM
proteins. Originally, neuronal Sec I (nSec I) was shown to
bind to syntaxin in a closed conformation which blocks
SNARE complex formation, which questioned its indispensable positive regulatory function.
In the past year, we determined that a N-terminal fragment
of the Golgi resident syntaxin Sed5p comprising residues I
to 45 was protected in proteolysis experiments of a
Sly Ip/Sed5p complex. The Sly Ip/Sed5p( 1-45) complex was
subsequently crystallized in space group P4 12 12, with one
molecule per asymmetric unit. The structure was solved by
single wavelength anomalous diffraction (SAD) using
selenomethionine derivatized crystals employing data to 3.0
A resolution collected at the ESRF CRG beam line BM-14.
The structure shows that Sly IP folds, similar to neuronal
Sec I, into a three-domain arch-shaped assembly. The short
fragment of the N-terminal region of Sed5p interacts in a
helical conformation predominantly with domain I of Sly IP
on the opposite site of the previously determined nSec I/syntaxin-I binding site (Figure I). Sequence conservation of the
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Figure2. The neuronal squid SNARE core complex bound to cpx. Ribbon diagram of cpx bound to the squid neuronal SNARE complex
composed of syntaxin, Sx, synaptobrevin, Sb and two SNAP-25 chains, Sn I and Sn2. The Nand C-termini of SNARE proteins and of cpx
are marked. Note that the cpx helix can extend at its N-terminus up to the C-terminal end of the SNARE complex based on secondary
structure predictions and NMR analysis, which is indicated by a dotted arrow. The position of both Sx and Sb membrane anchors (TM)
are indicated. The cpx helix points away from the four-helix bundle axis of the SNARE complex forming an angle of 5° and also lacks
the more divergent N- and C-terminal regions, which may also contact the SNARE core complex in vivo or other accessory molecules
of the fusion machinery. The structure indicates that such a complex maybe sandwiched between two membranes prior to fusion pore
opening upon Ca 2+ inffux.
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major interactions suggests that homologues of Sly IP as well
as the paralogous Vps45p group bind their respective syntaxins in the same way. Furthermore, we found indirect evidence that nSec I might be able to contact syntaxin I in a
similar fashion, after release of the closed syntaxin I conformation, thus exerting its postulated positive regulatory function.

four polypeptide chains were expressed separately in E. coli
and functional SNARE complexes were formed by mixing
cell pellets from all chains and subsequent purification of the
complex by Tag-chromatography. Crystals containing the
SNARE/complexin complex were obtained and they diffracted X-rays to 2.95 A resolution using synchrotron radiation
and belong to space group P2 12,2 1.The structure was solved

The observed Sly Ip/Sed5p interaction mode indicates how
SM proteins such as Sly I and Vps45 and potentially also
nSec I can stay associated with the assembling fusion
machinery in order to participate in late fusion steps.
Consequently, the spatial arrangement of the Sly Ip/Sed5p
peptide interaction provides multiple opportunities to participate in further protein-protein complex formation, which
may be involved in regulatory steps from docking to assembly, in membrane fusion and finally in disassembly of cis
SNARE complexes (Bracher and Weissenhorn, 2002).

using a combination of Molecular Replacement and SIRAS
from data collected on a mercury derivative.

Structure of a neuronal SNARE complex in
complex with complexin
(Andreas Bracher)

Nerve terminals release neurotransmitters from vesicles
into the synaptic cleft upon transient increases in intracellular Ca 2+. This exocytotic process requires the formation of
trans SNARE complexes and is regulated by accessory proteins including the complexins. Complexins have been found
to be associated with the neuronal SNARE complex in membrane extracts and have been proposed to act as negative
regulators of exocytosis. Single gene knockouts of complexin I and II show no dramatic phenotype in mice, however,
deletion of both complexin genes causes rapid postnatal
death. In addition, electrophysiological studies revealed that
complexins may act as, or in concert with, a Ca2+ sensor
such as synaptotagmin.
Based on biochemical studies, we used a short form of squid
complexin (residues 25 - 98) to form binary complexes with
a squid SNARE complex composed of syntaxin, synaptobrevin and two SNARE motifs derived from SNAP-25. All

The structure shows that a helical segment of complexin
binds in anti-parallel fashion to the four-helix bundle of the
core SNARE complex and interacts at its C-terminus with
syntaxin and synaptobrevin around the ionic zero layer of
the SNARE complex. Only four layers of interactions are
observed while the rest of the complexin helix points away
from the core complex into the solvent towards the C-terminal membrane proximal part of the SNARE complex
(Figure 2). Based on the structure, we propose that a complexin/SNARE complex is part of a multi-protein fusion
machinery that regulates vesicle fusion at a late pre-fusion
stage. Importantly, the structure indicates that trans-SNARE
complexes are most likely already formed before a Ca 2+ signal arrives. The complexin/SNARE complex together with
Synaptotagmin may then initiate membrane fusion upon Ca 2+
influx, allowing the conformational transitions of the trans
SNARE complex that are thought to drive fusion.

The role of endophilin-I in budding and fission
synaptic vesicles

of

(Andreas Bracher, Sandra Scianimanico)
Endophilin-I is a cytoplasmic protein with intrinsic
lysophosphatidic acid acyl transferase activity (LPAAT),
which is predominatly found in brain pre-synaptic nerve termini where it plays an essential role in the endocytosis of
synaptic vesicles. In addition to its enzymatic activity,
Endophilin contains a membrane binding domain, a dimerization domain and a SH3 domain for interactions with dynamin
and amphiphysin as well as synaptojanin. Like dynamin and

3. Crystals of
Endophilin, which plays a
major role in endocytosis of
synaptic vesicles. Preliminary
X-ray analysis shows that
they diffract to a resolution
of 3.7 A.
Figure
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Gephyrin clusters glycine inhibitory receptors at
the post-synaptic membrane
(Maria Sola, Stephanie Giraud, Vassiliy Bavro)
Glycine is used as the main neurotransmitter to transfer
inhibitory signals to the spinal cord and brain stem motor
neurons. Gephyrin clusters the glycine inhibitory receptor
(GlyR) at specific sites of the plasma membrane and links the
receptor to the subsynaptic cytoskeleton. In addition,
gephyrin's sequence similarity to E. coli proteins involved in
the synthesis of a molybdenum-containing cofactor suggests
a link between molybdo-enzyme inactivity and a lack of
receptor accumulation in some human neurological symptoms.

Figure 4. Crystals of a C-terminal fragment of gephyrin in com-

plex with a peptide derived from a cytoplasmic loop region of the
beta subunit of the glycine inhibitory peptide, which diffract to
approximately 3.5 A.

amphiphysin, it was shown that Endophilin alone is able to
tubulate liposomes in vitro, a process, which is independent of
its enzymatic activity. Endophilin-I also binds substrates such
as lysophosphatidic acid (LPA) and fatty acyl-coenzyme A
(CoA), which is then catalyzed to phosphatidic acid (PA).lt is
therefore hypothesized that Endophilin-I may induce both
negative and positive membrane curvature at the site of
endocytosis, depending on the substrate, as the lipid shape
affects membrane curvature.
We expressed Endophilin-I in E. coli and tested its activity
regarding liposome tubulation complex formation with
arachidonyl-CoA. Interestingly, we find that the liganded
form is more sensitive to proteolysis and shows a dramatically increased hydrodynamic radius when separated by gel
filtration, which indicates that major conformational changes
may occur upon arachidonyl-CoA binding. We were able to
produce crystals of un-liganded Endophilin, which are suitable for X-ray analysis (Figure 3). We also obtained small
crystals of the liganded form of Endophilin-I, which we will
try to improve for further structural studies.

Publications during the year
Bavro,Y:N., Sola, M., Bracher,A., Kneussel, M., Betz, H. &
Weissenhorn,W (2002). Crystal structure of the GABAAreceptor-associated protein,
EMBO Rep., 3, 183189
Bracher,A. & Weissenhorn, W (2002). Structural basis for
the Golgi membrane recruitment of Sly IP by Sed5p. EMBO
j.,21,6114-6124
Bracher, A., Kadlec, j., Betz, H. & Weissenhorn, W (2002). Xray structure of a neuronal complexin/SNARE complex
from squid.j BioI. Chem., 277, 26517-26523

Gephyrin is a multi-domain protein with a molecular weight
of 90 kDa, consisting of an N-terminal MogA-like domain, a
middle domain and a MoeA-like part, which itself consists of
four separate domains. We have now dissected full-length
gephyrin by proteolysis, as we were not able to crystallize
the complete molecule. This resulted in a trimeric domain
comprising the N-terminal domain and part of the middle
domain. This construct still binds to PIN/LC, which participates in the dynein microtubule-associated motor protein
complex. Crystallization efforts yielded small plate like crystals, which have to be improved for further structural studies.
Furthermore, the proteolysis of full-length gephyrin resulted
in a C-terminal fragment, which contains the complete
MoeA-like part. This fragment was crystallized and its structure solved by Molecular Replacement. In addition, we determined that the C-terminal fragment is sufficient for binding
to a 50 amino acid peptide derived from the Gly receptor
and obtained crystals of the complex, which are currently
under investigation (Figure 4).
The structural studies on GABARAP (Bavro et al., 2002)
were extended during the year to obtain complexes of
GABARAP and gephyrin as well as with NSF and the y 2 loop
region of the GABAA receptor. However, no complex formation with either binding partner could be confirmed by
using pull down assays, co-purification methods and gel filtration analysis and therefore not further pursued.

Weissenhorn,W (2002). Structure and function of viral glycoproteins in membrane fusion. In "Structure-function relationships of human pathogenic viruses, " (eds. Holzenburg,
A. & Bogner, E.), Kluwer Academic/Plenum Publishers, New
York, pp.25-54

Other references
Timmins, j., Schoehn, G., Ricard-Blum, S., Scianimanico, S.,
Vernet, T., Ruigrok, R.W & Weissenhorn, W (2003). Ebola
virus matrix protein VP40 interaction with human cellular
factorsTsglOI and Nedd4.j. Mol. BioI., 326,493-502
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Biological crystallography with synchrotron radiation
Group leader:
Staff scientist:
Senior technical officers:
Postdoctoral fellows:
PhD students:
Visitors:

Matthias Wi/manns
Young-Hwa Song
Anni Linden, Pijian Zou
johan Nissen, Laura Valencia*, M. Cristina Vega
Alice Douangamath*, Francisco Fernandez-Perez, Karen Henning, Katya Lamber,
Simone Muller, Christian Neufeld*,Atti/a Remenyi, Will Stanley
Orsolya Barabas, Larissa Consani-Santos, Marc Fiedler, Gavin Murphy, Nikos Pinotsis*,
Husseyin Uysal
*Indicates part of the year only

The EMBL Hamburg Outstation offers an unique research
environment by virtue of its location on the campus of the
German Synchrotron Research Center DESY and as part of
the European Molecular Biology Laboratory (EMBL). My
research activities have centred on maximizing the specific
opportunities emerging from this environment. These were
focussed on the following four areas:
• The molecular and structural basis of the giant muscle
protein titin;
• Novel molecular concepts for regulation of transcription;
• Modular domains in signal transduction (focus of this
report).
• Evolution in metabolism (focus of this report).

Modular domains in signal
transduction
Virtually all biological processes are governed by proteinprotein interactions that are mediated by a limited set of
modular domains, of which most are associated with one or
more specific ligand binding preferences. One of the most
widely studied types of signalling modules is the Src
Homology 3 (SH3) domain. Despite the widespread occurrence of SH3 domains, their molecular function seems to be
limited to stoichiometric single protein-protein interactions,
within the same polypeptide chain or via intermolecular
interactions. Common to all known SH3 domains is a site
between the RT and n-Src loops that generally binds a conserved PXXP sequence motif, which adopts a poly-proline
type II (PPII) conformation. Previous structure/function data
by our group and other laboratories evaluated the contributions of residues from the PXXP motif and flanking residues
to binding to specific SH3 domains.
My research group is a member of an active European
research network involved in systematic analysis, on the role
of known SH3 domains from S. cerevisiae in biological
processes in yeast using various proteomic-oriented
approaches. One of the tasks of the network is to compile a
database of SH3 domain structures and their ligands in yeast,
using NMR spectroscopy (A. Pastore, Mill Hill, UK) and X-ray
crystallography (M. Wilmanns & Y.H .. Song, EMBL-Hamburg).
At present, the structu res of the two of these (Abp I,

Pex 13p) have been determined (Fazi et al., 200 I;
Douangamath et al., 2002). About one half of the other SH3
domains have been cloned, expressed, purified and are currently in the process of being analysed by X-ray crystallography or NMR-spectroscopy (Hill, F., Ferracuti, S., Cesareni,
G., Musso,\!, Pastore,A., Lehmann, F.,Wilmanns, M. and Song,
Y.H., unpublished data). The Pex 13p SH3 domain structure
has been of particular interest due to established evidence of
binding to two different ligands (PexSp, Pex 14p) at different
surface patches. With the joint application of NMR-spectroscopy (M. Sattler, EMBL-Heidelberg) and X-ray crystallography, we have determined the topography of the two ligand
binding sites. While the Pex 14p ligand binds to the canonical
PXXP binding site of the Pex 13p SH3 domain, the PexSp ligand binds via an a-helical segment to a novel surface patch,
opposite to that of the Pex 14p binding site (Douangamath et
al., 2002). A current and future goal of this research is to
determine the complex structures of PexSp, Pex 13p and
Pex 14p that constitute the core complex of PTS-I signal
motif driven protein translocation into peroxisomes.

Catalysis, signalling and evolution in
metabolism
Enzymes involved in metabolic pathways are ideal candidates
with which to systematically study the evolution of catalytic
mechanisms. The availability of major genomes has enabled
evaluation of the data from the viewpoint of complete proteomes and biological systems. Our research activities are
on two of these pathways, leading to the biosynthesis of the
aromatic amino acids tryptophan and histidine.
Tryptophan is synthesized from the metabolic key compound chorismate by seven enzymatic reactions. These
involve a glutaminase-driven synthase bienzyne complex
with the requirement for ammonia channelling (trpEG), a
phosphoribosyl transferase (trpD), a keto/enol-isomerase
(trpF), a cyclase (trpC) and a pyrodoxal-dependant synthase
bienzyme complex with the requirement for indole channelling (trpAB). Both tryptophan biosynthesis and degradation are regulated by L-tryptophan. This regulation is accomplished by modulating the level of transcription of relevant
gene operons via repression, attenuation and anti-termination or by enzymatic feed-back inhibition of the anthranilate
synthase bienzyme complex. These multi-level mechanisms
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of regulation indicate that the formation of tryptophan is in
tight balance with other biosynthetic needs sharing principle
substrates of tryptophan biosynthesis
chorismate, glutamine, serine). We recently determined the structure the
anthranilate phosphoribosyl transferase (trpD) from the
hyperthermophile S. solfataricus (Mayans et al., 2002), thereby
completing the structural database of all enzymes in this

pathway. Although trpD, by virtue of its catalytic properties,
belongs to the family of phosphoribosyl transferases, it is
structurally unrelated to any of these. In contrast, its structure is related to pyrimidin nucleoside phosphorylases that
catalyse the opposite reaction and are involved in nucleotide
biosynthesis.

Figure I. Artistic cartoon, projecting the Pex 13p SH3 domain into the vicinity of the peroxisomal membrane. The mapped locations of
the two peptide ligands, Pex5p (red) and Pex /4p (cyan) are indicated. The Pex /3p SH3 binding sites for the two ligands are in pink and
green, respectively. The work was done in collaboration with the groups of Ben Distel (Amsterdam) and Michael Sattler (EMBL).

of the related dimeric structures of
anthranilate phosphoribosyl transferase (Mayans et aI., 2002)
and pyrimidin nucleoside phosphorylase.

Figure 2. Ribbon diagrams
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Publications during the year
Douangamath,A., Filipp, F.V, Klein,A.T., Barnett, R, Zou, R,
Voorn-Brouwer,T,Vega, M.C., Mayans, O.M., Sattler, M.,
Distel, B. & Wilmanns, M. (2002). Topography for independent binding of alpha-helical and PPII-helical ligands to a peroxisomal SH3 domain. Mol. Cell, 10, 1007-1017
Douangamath,A.,Walker, M., Beismann-Driemeyer, S.,VegaFernandez, M.C., Sterner, R. & Wilmanns, M. (2002).
Structural evidence for ammonia tunneling across the
([beta][alpha])(8) barrel of the imidazole glycerol phosphate synthase bienzyme complex. Structure (Camb), 10,
185-193
Fazi, B., Cope, M.J., Douangamath,A., Ferracuti, S., Schirwitz,
K., Zucconi,A., Drubin, D.G.,Wilmanns, M., Cesareni, G. &
Castagnoli, L. (2002). Unusual binding properties of the SH3
domain of the yeast actin-binding protein Abp I: structural
and functional analysis.J. BioI. Chem., 277, 5290-5298
Gao, M., Wilmanns, M. & Schulten, K. (2002). Steered molecular dynamics studies of titin iI domain unfolding. Biophys.
J., 83, 3435-3445
Linden, A., Mayans, 0., Meyer-Klaucke, W, Antranikian, G. &
Wilmanns, M. (2003). Differential regulation of a hyperthermophilic alpha -amylase with a novel (Ca,Zn) two-metal
center by zinc.J. BioI. Chem., 278, 9875-9884
Mayans, 0., Ivens,A., Nissen, L.J., Kirschner, K. & Wilmanns,
M. (2002). Structural analysis of two enzymes catalysing
reverse metabolic reactions implies common ancestry.
EMBO j., 21, 3245-3254

Paavilainen,VO., Merckel, M.C., Falck, S., Ojala, Rj., Pohl, E.,
Wilmanns, M. & Lappalainen, R (2002). Structural conservation between the actin monomer-binding sites of twinfilin
and actin-depolymerizing factor (ADF)/cofilin. J. BioI. Chem.,
277, 43089-43095
Pohl, E., Brunner, N., Wilmanns, M. & Hensel, R. (2002). The
crystal structure of the allosteric non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase from the hyperthermophilic archaeum Thermoproteus tenax.J. BioI. Chem.,
277, 19938-19945
Remenyi,A., Tomilin,A., Scholer, H.R. & Wilmanns, M. (2002).
Differential activity by DNA-induced quarternary structures of POU transcription factors. Biochem. Pharmacol.,
64,979-984
Wilmanns, M. (2002). Structural genomics in Europe and
beyond - Shifting scientific directions at EMBL Hamburg
Acta Physica Polonica A, 101, 635-646
Wilmanns, M. (2002). Integrated structural genomics in
Europe. Gene Funct. Dis. 3, 18-24

Other references
Zou, R, Gautel, M., Geerlof,A.,Wilmanns, M., Koch, M.H. &
Svergun, D.1. (2003). Solution scattering suggests cross-linking function of telethonin in the complex with titin.J. BioI.
Chem., 278, 2636-2644
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Protein crystallography beamlines at the Hamburg
Outstation: modifications and improvements
Group leader:
Technicians:

Christoph Hermes
Thomas Gehrmann, Doris John, Robbert KNiring, Uwe Ristau, Bernd Robrahn, Tim Siambanis

The Protein Crystallography (PX) beamline facilities of the
EMBL Outstation went through various stages of improvement last year.
The remodeling of Fan K beamlines X I I and X 13 was continued and brought to an end, and the installation of hardware components started for the central portion of the
radiation fan, which will become MAD beamline X 12. See
Figure I for the floor plan.
Improvements of hard- and software on the wiggler stations
BW7A & BW7B, in particular commissioning of an automatic sample changer on BW7B.

Fan K activities
The motorization of the collimator slit system added user
friendliness and comfort to the operation of X I I. The system consists of two geared-down mini stepper motors per
x/y-slit pair which is supported by an intuitive user interface.
See Figu re 2.
The improved cooling scheme for the hor-izontally focusing
monochromator of X I I, in which half of the crystal is
immersed into a liquid metal cooling bath, worked reliably
throughout the year. Hardware for an identical system at
X 13 is available and waits for the next extended shut-down
to be installed. With this cooling system the monochromators are far less susceptible to changes in thermal load, virtually alleviating the necessity for any realignment. (See also
last year's report).
The installation of hardware components on the future
MAD beamline X 12 had to be carried out in intervals with
no beam (service weeks) in order to minimize interference
with ongoing data collection on lines X I I and X I3 leading
to considerable time and organizational pressure on the
Instrumentation Group. Nevertheless, by beginning of
December the entire beamline, except for the crystallographic end-station, was in place and radiation safety checks
as well as extended hard- and software tests will be performed for the remaining beam time in 2002.
The individual components of the beamline from source to
focus are:
Water-cooled x/y guard-slits, water-cooled beam defining
vertical slits, fixed exit double crystal monochromator (first
Xtal water-cooled, eventually with horizontally focusing second Xtal) mounted on a common high-precision vacuum
compatible rotation stage, vertical exit slits, continuous, Rhcoated mirror for vertical focusing and harmonic suppression and finally a second pair of guard slits before the beam
continues to the crystallographic end-station. Figures 3 and
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4 show the monochromator as CAD drawing and during
setting up in the vacuum tank.
The monochromator unit comprises a common platform,
which supports both, the two pairs of beam defining slits and
the entire monochromator positioning stage including
devices to translate and adjust the relative orientation of the
two Si crystals with respect to each other. This platform can
be moved vertically to position the pre-aligned system into
the centre of the Synchrotron Radiation (SR) fan. Except for
the x/y guard slits all motors and mechanical systems are
inside a common, ion-getter pumped vacuum system. A
pressure of 5·10-7 mbar is reached overnight (without baking) after the vacuum system was vented.
All movements are encoded either by radiation hard, vacuum compatible LVDTs. Important axes like Bragg angle,
translation of monochromator Xtals and the vertical position of the double monochromator system are controlled by
high-precision optical encoders. Shape, location and intensity of the beam can be measured at several positions along
the beam path by a combination of remotely operated fluorescence screens with video cameras and by PIN-diode
based intensity monitors (Figure 5).
Motor control as well as encoder and intensity read-out are
performed by serial interfaces to Labview based routines.

Activities on BW7
At the beginning of 2002 the vacuum systems of beamlines
BW7A and BW7B were opened to install various beam
monitors and to perform a complete realignment. Two
remotely operated fluorescence screens in combination
with video cameras now facilitate the alignment procedure
on BW7A considerably - even for non-expert users.
The common pre-mirror of both wiggler lines, which has
degraded over the years showing far inferior reflectivity
properties, will be replaced.The new mirror will be based on
mono-crystalline Si coated with Rh, a design which is already
used successfully on various other wiggler lines in Hasylab.ln
combination with a new mirror chamber and mirror bending system, provided by Hasylab, we anticipate a considerable
increase in intensity on both wiggler beamlines, although the
gain on BW7A should be most noticeable. The installation is
planned for 2003.
Initialized and coordinated by E. Pohl and in collaboration
with the Frauenhofer Institut (iir Produktionstechnik und
Automatisierung (IPA) an automatic sample changer was
developed and set up at beamline BW7B. We decided to
develop a customized system for the PX beamlines of the
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Hamburg Outstation since the systems we knew of at that
time were neither compatible with the crystallographic endstations at the Outstation nor commercially available.

wire. Repeating this operation after a 90 degrees rotation of
the Phi-axis positions the sample into the centre of rotation
(Figure 6).

The problem was split into two parts, a) selection of the best
adapted robot, programming of the robot as well as choosing the most suitable sample storage system compatible with
common mounting tools, and b) modification of the existing
end-station hardware and data acquisition software to allow
fully automatic operation. The first part was mainly dealt
with by IPA in close collaboration with the Instrumentation
Group, whereas the modification of the end-station hardware was exclusively designed and manufactured at EMBL in
Hamburg in combination with the development of appropriate software modules.

To make sure that the robot always finds the magnetic
mounting device in an identical position, it is centred by a
tapered tube, which is moved coaxially to the Phi-spindle
axis over it before the crystal in its loop is mounted and centred. Beam stop as well as X-ray detector move out of the
way automatically to allow access for the robot. The collimator slits were modified for remote adjustment. Figure 7
shows the system set up at the BW7B end-station.

The essential task was to automate the centring procedure
once the crystal was mounted automatically on the Phi rotation axis. Therefore, we replaced the standard goniometer
head by a device which is magnetically coupled to the spindle axis. A precision linear drive orthogonal to this axis
allows this mounting device to be pushed/pulled under video
control until the protein crystal coincides with the cross-

Figure I. Floor plan of the remodeled fan K area. Key optical
components are indicated. Mo: Monochromtors X I 3, X I I. Mi:
Vertically focusing mirrors. Dmo: Double Monochromator X I2.

The control software for end-station, robot and data acquisition is linked together in a common user interface. At the
moment most of the routines are still in Labview, but it is
planned to convert everything to C- routines.
In autumn the system was successfully commissioned but it
will only be available for beamline users sometimes in 2003
because there are still some minor, nonetheless crucial problems to be solved, in particular concerning the sample storage container.

Figure 2. Motorized collimator x/y slit system.
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of the

X 12 double monochromator

Figure 4. The double monochromator system is being installed
in the vacuum vessel.

Figure 5. Intensity monitor. The device consists of a thin Be-foil
which scatters X-rays onto a PIN diode mounted underneath.

Figure 6. The automatic centering system. Arranged parallel to
the beam axis (defined by the conical nose-piece) the linear drive
system (pusher) touches the magnetic crystal mounting device.
The tapered centering tube is visible as a ring at the lower end
of the magnetic holder in the upper left
corner.

Figure 3. CAD drawing

system.

Figure 7. The automatic sample changer on BW7B. The robot,
the cryo-storage container with attached liquid nitrogen filling
hose and the modified end-station are depicted.
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Non-crystalline systems
Group leader:
PhD student:
Visitors:

Michel Koch
Marc Niebuhr
Weifeng Shang, Tolgahan Yildiz

The emphasis during the year was on terminating a number
of ongoing projects, to facilitate a reorganization of activities
and redistribution of responsibilities matching the current
situation and policies at the outstation. In future, the group
will concentrate on a small number of projects and collaborations.
As always, a large fraction of the time was spent making sure
that all visiting groups could make their measurements in the
best possible conditions. A number of changes were made
to the beamline to facilitate routine measurements on protein solutions. The new Windows version of the data acquisition program written by F. Golding (Lancaster) was
installed and has become the standard tool. Further, an additional electronic module, MX I00 I, built by Smart Silicon
Systems (Lausanne) allowing to alternatingly collect data
from one of two independent linear detectors was installed.
For static measurements this has the advantage of having a
higher resolution. Where exact simultaneity of readout is
required the system with two detectors connected in series
is still prefereable even though it halves the resolution and
doubles the dead time.
Tests required to determine the factors influencing the differential non-linearity in the ASICs of the TSC-I 00 I time to
space converter described in previous reports, were completed and the device was used for several projects.
The prototype of a time stamp readout based on a Catch-X
multihit time to digital converter (TDC) developed for the
readout electronics of the COMPASS experiment at CERN
(Fischer et 01., 200 I) was used to investigate the response of
the detectors to the bunch structure in the storage ring and
the occurrence of double events in linear detectors. As illustrated in Figure I, these events give rise to exponential tails
in the point spread function, which set a limit to the accuracy of the measurements. The time stamp readout provides a
simple way to process - rather than reject - simultaneous
events and to eliminate secondary events. These events tend
to be delayed compared to the original avalanche, and not to
match the constraint on the time intervals between the
arrival times of the anode and cathode pulses imposed by
the principle of delay line readout. The N I 10 TDC built at
the ESRF was also tested (Herve and Torki, 2002) and a readout and display program working with a National
Instruments data acquisition card was produced and tested.

Applications
A comprehensive review article (Koch et 01., 2003) on the
application of solution scattering to the structure of biological macromolecules in solution was produced in collaboration with D. Svergun and
Vachette (LURE, Orsay). An

overview of the solution scattering projects on biological
macromolecules obtained during the year is given in the
report of D. Svergun's team. Only two illustrative examples
of applications to other systems are given below. The results
of some of the ongoing projects have been described in
eleven publications in refereed journals during the year. For
most other projects the data collected during the year are
still being analysed.

Properties of colloidal dispersions of
lipid nanoparticles

(in collaboration with H. Bunjes et al. Pharmaceutical
Technology, Friedrich Schiller University,jena and I
Unruh, ZBE FRMII, TU-Munich)

These projects cover different aspects of the characterization of lipid nanoparticles, which are being developed as
potential drug carriers. During the year the effects of surfactants, which are used to stabilize the dispersions, on the
crystallization and polymorphism of the nanopartides was
investigated. Furthermore, the factors affecting the formation of superstructures in dispersions of nanocrystals
(Unruh et 01., 2002) were investigated in more detail.

Polymorphism of lipopolysaccharides

(with K. Brandenburg et aI., Forschungsinstitut
Borstel)

Lipopolysaccharides are the main amphiphilic component of
the outer leaflet of the outer membrane of Gram-negative
bacteria which are also called endotoxins because they
induce a variety of biological effects in mammals.
Various aspects of this project have been investigated in a
fruitful collaboration during the last ten years and this has
recently led to a hypothesis concerning the structural
requirements for endotoxicity. In particular, endotoxicity
seems to be related to the ability of various types of polysaccharides or their fragments and analogues to form
supramolecular aggregates with non-lamellar, most often
cubic, structures. X-ray scattering is indispensable to characterize the supramolecular structures formed at high water
contents, which are also investigated by fluorescence resonant energy transfer, Fourier transform infrared spectroscopy, microcalorimetry and a variety of biological tests.
During the year the interactions of endotoxins with highdensity lipoproteins and human serum albumin which are
known to bind endotoxins in vivo, and with the polycationic
antibiotic polymyxin were investigated.
A number of projects involving time-resolved measurements
on semi-crystalline synthetic polymers in collaboration with
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the groups ofW deJeu (Amsterdam), M. Dosiere (Mons), B.
Goderis and H. Reynaers (Leuven), D.lvanov (Brussels) were
pursued. These projects address quite general physicochemical problems such as the dynamic coupling between
processes like microphase separation and crystallization or
the relationship between the observations of light and X-ray

106

scattering and atomic force microscopy. Measurements were
also made with R. Kleppinger (Eindhoven) on solutions of
dendrimers. These large synthetic molecules can serve as
hosts for smaller ones and are thus potentially useful as carriers (Baars et al., 2000).
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Figure I. The two curves illustrate the response of a linear detector to a point-like excitation as recorded by the time stamp TDC. The
solid line is built from all events recorded during a given measurement interval. The dashed curve was reconstituted from the events
occurring in a narrower time window following the passage of a bunch of synchrotron radiation. This eliminates secondary events due to
after-pulsing in the detector and improves the signal-to-noise ratio.

Publications during the year
Brandenburg, K., Jurgens, G., Andra, j., Lindner, B., Koch,
M.H., Blume,A. & Garidel, (2002). Biophysical characterization of the interaction of high-density lipoprotein (HDL)
with endotoxins. Eur. J. Biochem., 269, 5972-5981
Brandenburg, K., Matsuura, M., Heine, H., Muller, M., Kiso,
M., Ishida, H., Koch, M.H. & Seydel, U. (2002). Biophysical
characterization of triacyl monosaccharide lipid a partial
structures in relation to bioactivity. Biophys. j., 83,322-333
Brandenburg, K., Moriyon, I.,Arraiza, M.D., Lehwark-Yvetot,
Koch, M.H.J., Seydel, U. (2002). Biophysical investigations
into the interactions of lipopolysaccharide with polymyxins
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Biologists have gained many insights from the use of X-ray
crystallography. The level of structural detail needed should
reflect the question posed. For many biological or biotechnological applications a good accuracy of a structural model
is often required. In the last years, protein models determined at extremely high resolution have started to emerge,
providing structural features, which can be relevant to the
protein function, at an unprecedented level of detail. The
number of atomic resolution structures (with crystallographic data extending to a resolution higher than 1.2 A)
that are available from PDB reached 286 by the end of 2002.
A respectable amount of these structures is coming from
measurements at the EMBL Hamburg beamlines.
The rapidly growing number of protein structures at very
high resolution, specifically developed methods as well as
new combinations of protein crystallography with complementary techniques is astonishing. All these will undoubtedly create new challenges and promote further interest in
atomic resolution structural biology, as fine structural

details, invisible even in the recent past, now become attainabIe real ity.
A major component of the research activity of the group is
the development of underlying methodology for crystal
structure determination of biological macromolecules.These
developments have now become one of the central goals in
the whole process high-throughput structure determination.
An on-going development, the Automated Refinement
Procedure (ARP/wARP suite) for refinement and building of
protein structures in its present state may already be in a
position to promote progress in automating the steps of
deriving an essentially complete structural model from the
X-ray data.The time required for building a protein structure
can be shortened from several man-days or even manmonths to a few CPU hours.
A few selected lessons that have been learned from the
atomic resolution structures as well as the recent developments on the crystallographic methodology are briefly outlined below.
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Figure I. The Fusarium oxysporum trypsin active site.
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Figure 2. Deformation density on the His 56 side chain of the
catalytic triad. The protonation state is clearly defined.
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Trypsin revisited: complexes at ultra
high resolution and quantum
chemistry reveal details of catalysis

(with Christian jelsch, LCM3B, UPRESA 7036 CNRS,
Faculte des Sciences, Universite Henri Poincare,
Nancy, 54506, Vandoeuvre-Ies-Nancy, France, Wojtek
Rypniewski, EMBL-Hamburg c/o DESY)

We thank Peter 0stergaard at Novo Nordisk for preparation of
the protein sample.
The combination of atomic resolution crystallography and ab
initio quantum chemical calculations has enabled us to narrow the gap between the protein structure and the chemical properties on the example of the "revisited" trypsin for
which a series of structures were obtained at a resolution
ranging from 0.8 to 1.2 A. Using crystal structures as geometrical templates, we could assign a chemical state and calculate an energy-optimised theoretical model. Comparison
between the crystal structure and the theoretical model
allowed the assignment of important properties, otherwise
unreachable even at atomic resolution.

Fusarium oxysporum trypsin is a serine protease which, like all
proteases, shows autoproteolysis. In the atomic resolution
crystal structure of the native enzyme, peptide fragments
could be found in the active site, with arginine bound into
the specificity pocket. Based on a previous studies
(Rypniewski et al., 200 I), soaks in solutions at low pH and
co-crystallisation with covalenty binding inhibitors (DFR
PMSF) were carried out in order to investigate catalysis in
depth. X-ray data were collected on beamlines X I I and
X 13.The structures were refined with ARP/Refmac. The final
refinement steps, including hydrogen atoms and anisotropic
temperature factors, were carried out using SHELX.

erties of atoms. Preliminary results showed that the assumptions made for the chemical state in the active site were correct (Figure 2) and both the serine and the histidine are deprotonated. Further investigations of the mechanistic details
are under way.

Pushing the limits in ultra-high resolution protein crystallography data
collection

(with Daniel Luebbert and Edgar Weckert HASYLAB

at DESY, and Martha Teeter Department of

Chemistry, Boston College, USA)

Previously, we reported on evaluation of an X-ray data to
0.54 A resolution from a small 46 residues protein crambin
Uelsch et al., 2000), which is present in seeds of Crambe
abyssinica and homologous to membrane-active plant toxins
(Rao et al. 1995). The resolution of the data, though was the
highest ever reported in protein crystallography, was limited
not by the crystal diffraction but by the geometry of the
BW7A beamline. In order to push the limits, we have used
the opportunity to try an undulator beamline situated on
the PETRA ring that, due to the current beam characteristics
is not commonly used for protein crystallography.The beamline, equipped with a 6-circle diffractomer and a MARCCD
detector, allowed to use very short wavelengths at high
intensity.The detector was mounted so that an inclination of
45 degrees was possible, as well as a standard vertical setup
(Figure 3).

The native structures at pH 4 and 5 showed both arginine in
their specificity pockets forming the C terminal of a tripeptide. Notable deviations from standard stereochemistry and
geometry were observed. The active site Ser 195 OG was
located only 2.0 A away from the substrate arginine C. The
arginine lacked the second oxygen atom of its carboxylic
group. The arrangement around the arginine C included a
water molecule at 1.8 A distance, which was held in place
from its other side by His 56 of the catalytic triad. The triad
was completed by Asp 99. A second peak interpreted as a
water molecule was located in the oxyanion hole formed by
the main chain of residues 191 - 195 and Try 40 (Figure I).

Ab initio quantum chemical calculations with GAMESS were
launched using the refined structure at pH 4 as an input geometrical template and assuming various protonation states.
An almost perfect match between crystal structure and theoretical model could be obtained with the active site Ser 195
de-protonated, His 56 carrying only one proton and the
attached water molecule being a water and not a hydroxyl.
This strongly indicated that a true partially covalent intermediate was trapped in the crystal structure.

The structure at pH 5 with data to 0.83 A was subject to
multipolerefinement with the MOPRO in order to directly
model valence electrons and any other non-spherical prop-

Figure 3. Experimental setup at PETRA II for crambin ultra-high

resolution data collection.
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Freshly grown crystals were tested and pre-frozen at
Harvard University, Cambridge, MA under various conditions. The best cryo-protectant was paraffin oil or 50% (w/v)
PEG 2000. The data were collected at a wavelength of 0.55
A, with an exposure time of 60 seconds per 0.15° frame. A
total of 190° was covered from the first crystal. Due to the
geometry of the off-set detector, two more data sets from
crystals in different orientations were required to achieve
high data completeness. Data were processed using DENZO
and SCALEPACK and were 90 % complete to 0.48 A resolution. The low resolution data (lower than 0.8 A) were
added from the earlier measured 0.54 A dataset.

The 0.48 A data set contains about 40 % more reflections
than the one reported earlier. Data evaluation is currently in
progress and we hope to learn more about fine electronic
details of the structure.

Modelling crystal contacts by sitedirected mutagenesis
A need for availability of crystals that diffract to very high
resolution has lead us to a recent launch of a related project.
We initiated a pilot investigation on the rational mutagenesis
of the surface residues with an aim to improve the crystal
diffraction. This was inspired by an exciting work carried out
by the group of z. Derewenda (Mateja et al., 2002) where a
series of rational mutations resulted in a dramatic improvement of the crystal diffraction.

Figure 4. Automatic model building and refinement

It is hypothesised that surface residues with high conformational entropy, specifically Iysines and glutamates, impede
protein crystallisation. Mutating these to alanines often
results in more successful crystallisation, particularily when
clusters of Iysines are targeted.
We have chosen a series of formate dehydrogenases that are
known to dramatically differ by their ability to crystallise.The
crystals grown have a wide range of diffraction power and
contain different number of large clusters of positively
charged residues.
We have isolated the genomic DNA from Candida boidinii
(ATCC 48180) (DSMZ, Braunschweig), amplified the formate
dehydrogenase gene using the primers described in a literature and cloned them into an E. coli expression vector.
Restriction analysis proved the successful insertion of the
target DNA. Expression tests are in progress and the activity assay has been standardised.
In a long-term prospective we expect to proceed towards
developing a mechanism for prediction of amino acids that
interfere with the formation of intermolecular contacts
needed for nucleation and proper crystal growth.

Automated crystallographic data
analysis
(with A. Perrakis, NKI Amsterdam)

The ARP/wARP (Perrakis et al., 1999) software suite is
designed for automated model building and refinement, with

of a structure at 2.0 A with ARP/wARP.
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the aim of delivering essentially complete models starting
from electron-density maps alone or from partial models.
The various aspects of the ARP/wARP procedure have been
published in several papers. In brief, ARP/wARP challenges
the conventional view of refinement of a macromolecular
crystal structure by automation of real space manipulation of
the model, thus mimicking a user intervention in silica and redefining the whole conception of a macromolecular model.
The refinement of a hybrid model, a combination of automatically recognised and built polypeptide fragments with
free atoms, constitutes the basic ARP/wARP concept. The
polypeptides provide additional information in a form of
restraints while the free atoms describe remaining, not yet
accounted for, prominent features in the electron density. As
refinement proceeds, the hybrid model converges towards a
conventional protein structure: the polypeptide chains transform to a (essentially) complete protein chain while free
atoms to solvent structure (Figure 4). ARP/wARP is tightly
linked to the CCP4 suite and we have a productive cooperation with G. Murshudov, the author of the REFMAC refinement program.

In brief, we have carried out a number of geometry analyses
based on recently deposited, high-resolution protein structures in the PDB and computed frequency distributions for
all CAn_CAn+I-CAn+2-CAn+3 for all inter-atomic distances,
pseudo-valence angles and dihedral angles. The distributions
allow minimal 3D information about protein structure to be
used at the local decision-making stage. For estimating a continuous distribution from a set of data points we used the
Parzen window technique and applied to each data point a
Gaussian kernel function. Frequency distributions have also
been computed that correspond to structures with a random coordinate errors (Figure 5).

The recent developments include assembling of the CCP4based graphical user interface, global assessment of the Xray data quality, development of new methods for chain tracing which exploit stereo-chemical properties of secondary
structural elements and the use of the approaches from the
graph theory and constrained integer programming. Details
are given in Morris et al. (2002).

The optimisation problem has thus been re-formulated as
finding a set of chains in a weighted graph that give the highest total score. For chain probing as deep as possible we use
a modified limited Depth-First-Search algorithm (DFS) of
graph theory (Papadimitriou and Steiglitz, 1982). A systematic graph search is guaranteed to find the optimal solution
but can, however, be computationally intractable. A few

Given a list of free atoms through which a polypeptide chain
is to be traced, all possible CA fragments of length four are
stored for the problem at hand (Figure 6). The main chain is
built by overlapping the last three atoms of each fragment
with the first three of the following fragment. Each fragment
is given a score proportional to the log-odds ratio of the
probability of the fragment parameters being produced by
four CA atoms and the probability of the fragment parameters being produced by any four atoms.
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Figure 5. The projections of the multivariate distributions on the two pseudo valence angles and the dihedral angle between four CA
atoms in sequence for the original data (left) and the structures perturbed by a random coordinate error of 0.6 A (right).
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approximations involving a stepwise lowering of a score
threshold are therefore used.
The developments made ARP/wARP applicable for an automatic model building with native X-ray data (but not necessarily the phases) extending to around 2.5 A resolution. The
new version 6.0 incorporating these features was released in
July 2002 and it proved to be faster and more powerful: at
resolution of 2.5 A it typically traces around 80-90 % of the
model.

(cdxy)

Towards automatic modelling of
bound ligands in electron density
maps
c

Figure 6. The drawing shows as red balls (a,b,c,d,r,x,y) a number

of candidate

CA atoms with directed peptide plane units fitted
between them. All groups of four such candidate atoms that have
connections in the same direction are given scores based on their
pseudo valence and dihedral angles. If these angles match expectation values the fragment is stored as a node. Connections
between nodes are established in the same manner and the
chains are built by overlapping these fragments.

Citations of the use of ARP/wARP
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Figure 7. The number of papers that cite the use of ARP/wARP
keeps increasing at an average rate of 60 % per annum. The
software has been obtained by more than 700 academic and 30
industrial groups world-wide. About 450 groups have downloaded the newest version 6.0, released in July 2002.
- - - - - - - - - - - - - - - - - - - - - - - - - 291

The presentARP/wARP suite is focused on building the protein and water molecules, but is not designed to handle any
other compounds, such as ligands or cofactors. Automatic
recognition of those heteromolecules in a residual electron
density maps could assist, simplify and speed up the process
of structure completion, which is vital for the current
progress of automation of crystal structure determination
(Peat et al., 2002).
The topological variety of heteromolecules is large. Most
often, prior information on binding modes and the location
of individual atoms is available based on standard stereochemistry. This requires a search algorithm and scoring function to be sufficiently flexible and make extensive use of all
available sources of a priori information in order to facilitate
the identification of the heterocompound.
The basis of our newly developed scoring function lies in the
use of interatomic distances and their variation upon application of a random disturbance on the atomic coordinates.
Starting from a set of 'dummy' atoms that parameterise the
electron density of the ligand (Figure 8, left), atom identities
assigned to those dummy atoms establish a labelling hypothesis. On the basis of the expected and observed violations
or fulfilments of stereochemistry, a score is computed for
this labelling hypothesis. Subsequent optimisation of this
score via Monte Carlo methods results in the best interpretation of the electron density in terms of atom assignment,
based upon the input prior information. Imposing the
assigned stereochemical restraints onto the dummy atoms
and optimising the fit to the density finally results in a wellpositioned fragment that makes chemical sense (Figure 8,
right).
For fitting cumaric acid into the active site of the photoactive yellow protein (Baca et al., 1994), which is given here as
the example, this meant to find the best assignment of 12
labels onto a set of 500 dummy atoms. The procedure took
about three minutes on a standard workstation. Other simple and small molecules of bound ligands (e.g. sugar rings)
can be automatically identified and modelled. Extension to
ligands with conformation flexibility and the implementation
of the approach into the ARP/wARP suite is under way.

EMBL Research Reports 2002

Figure 8: Left: density
and density fit.

of a ligand parameterised by dummy atoms. Right: The interpretation of the density after geometry optimisation
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atoms, active glyoxalase II was characterized with two zinc
atoms or a mixed zinc/iron binuclear active site. A huge
number of hypothetical enzymes found in genbank might also
share this fold and bind one or two metals, but most of them
are not yet functionally or structurally classified. One of
these members is the so-called ElaC gene (third open reading frame in the ela-locus) in E. coli (GenBank accession number U58768). ElaC is a widespread gene found in eubacteria,
archaebacteria, and mammals with a highly conserved
sequence. Two human ElaC variants were recently associated with cancer. Due to its high phosphodiesterase activity,
strongly depending on the presence of zinc, this new enzyme
was named ZiPD (zinc dependent phosphodiesterase)
(Vogel, 2002). Site directed mutagenesis in combination with
kinetic and spectroscopic studies determined the metal ligating residues. This project results in the first structural
model of the active site of ElaC (Figure I), which shows a
strong homology to glyoxalase II.

X-ray absorption spectroscopy determines the metal coordination in proteins and organism tissue. It is sensitive to
changes in the first coordination spheres upon
substrate/inhibitor binding and allows extracting the metal
oxidation state under different biochemical conditions. The
EXAFS-beam line of the EMBL Hamburg Outstation provides synchrotron radiation for inhouse projects as well as
for user projects. In order to ensure access to a state of the
art research tool continuous upgrades are necessary. Apart
from these upgrades we focused on some binuclear and
mononuclear metal binding motifs utilized by nature. This
years report will detail on our work on a new member of
the metallo
family and our methods development for the analysis of XANES pattern.

The binuclear zinc
phosphodiesterase (ZiPD)
from E. coli

Simulating the XANES of
metalloenzymes - a case study

Proteins with a metallo
fold form a rapidly
growing family which catalyzes remarkably diverse reactions.
The so far functionally and structurally characterized members of this group are the hydrolytic enzymes
and glyoxalase II and the redoxenzyme rubredoxin:oxygen
oxidoreductase (ROO) from Desulfovibrio gigas. Whereas
lactamases were shown to be active with one or two zinc

His64

0VASP68

HI\
'"

N----------Zn:
N'/
His66

N
H

EXAFS provides structural information about the moiety of
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Figure 2. XANES pattern: a) experimental data for human tyrosine hydroxylase b) simulations based on a small sphere for
phenylalanine hydroxylases and c) on a larger sphere; d) edge
shape simulations for Fe(lI) tyrosine hydroxylase with coordination
6 and 5.

The XANES patterns reported for the 2-His-l-carboxylate
motif form 3 distinguished groups: 6-coordinated Fe(lI)
states, 5-coordinated Fe(lI) states and 6-coordinated Fe(lIl)
states. Figure 2a displays these edge shapes for human tyrosine hydroxylase. Similar patterns are measured for the 6coordinated states of phenylalanine hydroxylase. How do
simulations based on protein crystallography results fit to
the experimental XANES? The XANES profile generated on
the basis of the phenylalanine hydroxylase structure resembles a mixture of both 6-coordinated states, which suggest
an occupation of about 50% for each individual oxidation
state. This can be caused either by photoreduction during
data collection or be due to a lack of resolution, because in
protein crystallography the metal ligand distance determined
decreases with increasing resolution. EXAFS determines a
shorter first shell distance. Shrinking the metal moiety by a
factor of 0.99 for Fe(lI) and 0.94 for Fe(lIl) results in a structural model that is compatible with the EXAFS. With these
factors the XANES calculations resemble the two experimental spectra (Figure 2b).
In 5-coordinated tyrosine hydroxylase, generated by
lyophilization of the enzyme, most likely one of the water
molecules is lacking.This can either be opposite of a histidine
(water 426 / water 427) or the carboxylate (water 428) (see
Figure I). The multiple scattering within the first shell via the
central metal ion provides two distinguished edge shapes.
The simulation of 5-coordinated tyrosine hydroxylase
depends on the water molecule removed. The lack of water
426 causes the lowest white line intensity while keeping all
other edge features rather similar to the native enzyme.This
is also noticed in the experimental XANES data. In the crystal structure of tyrosine hydroxylase this water molecule is
missing, most likely due to the lack of resolution (2.3 A) and
a high Debye-Waller or temperature factor. Thus both techniques agree on the low binding constant of this particular
water molecule. It is probable that during the catalytic cycle
this water is removed in an initial phase.
Binding of substrate and cofactor to the active site of a metallo-enzyme frequently alters the shape of the XANES. For
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the 2-His-l-carboxylate family this is not the case; the differences found were assigned to an incomplete reduction.
Highlighting subtle differences based on simulations might be
of assistance in future. The XANES pattern for the native
state and with either substrate or cofactor bound look very
similar (not shown). This explains the lack of differences
reported in the measurements. Difference spectra might be
a future way of handling such cases. Therefore fully reduced
samples and a very accurate energy calibration will playa key

Publications during the year
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domain is a Zn-coordinating DNA-binding domain. FEBS
Lett., 528, 95-100
D'Angelo, Barone,v., Chillemi, G., Sanna, N., MeyerKlaucke, W & Pavel, N.V. (2002). Hydrogen and higher shell
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study. j. Am. Chem. Soc., 124, 1958-1967
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j. BioI. Inorg. Chem., 7, 691703
Fazio, 0., Gnida, M., Meyer-Klaucke, W, Frank, W & Kia ui,
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Eur. J. Inorg. Chem. 2002, 2891-2896
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269,2117-2123
Steiner, R.A., Meyer-Klaucke, W & Dijkstra, B.W (2002).
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myricetin. Biochemistry, 41, 7963-7968
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phosphodiesterase. j. BioI. Chem., 277, 29078-29085

Other references
de Seny, D., Heinz, U., Wommer, S., Kiefer, M., MeyerKlaucke, W, Galleni, M., Frere, J.M., Bauer, R. & Adolph, H.W
(200 I). Metal ion binding and coordination geometry for
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role. Further details and references can be found in
Mijovilovich et 01., (2003).

Further scientific projects
Further projects were carried out during the year 2002, but
can not be presented here. Some of them have been performed in co-operations with universities groups from all
over Europe. For information on these projects consult the
HASYLAB/EMBL 2002 annual report.
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Independent staff scientists in protein crystallography
Staff scientist:

Cristofer Enroth

Staff scientist:
Postdoctoral fellow:
PhD student:

Ehmke Pohl
Rosario Recacha
Esben Lorentzen

Staff scientist:

Alexander Popov

The staff scientists, Cristofer Enroth, Ehmke Pohl and
Alexander Popov work together with the technical and scientific staff of the EMBL Hamburg Outstation on the support of the external user community. During the year more
than 100 external user groups have visited the five protein
crystallography beam lines (three bending magnet beam lines
X31, X I I, X 13 and two wiggler beam lines BW7A and
BW7B) to collect X-ray diffraction data. Furthermore, we
collaborate closely with the instrumentation group on the
improvement of the in-house beam line facilities. These projects include the development of intuitive graphical user
interfaces (GUI), new software for data collection strategies
and new hardware for beam line automation (see also the
report of the EMBL Hamburg instrumentation group). The
additional research projects of the staff scientists in all areas
of structural biology make use of the full range of techniques
from molecular biology to structural genomics. A short
summary of these projects of each independent staff scientists is given below.

Cristofer Enroth
Structural genomics of the stomach
ulcers bacteria Helicobacter pylori
(with L. Engstrand, Stockholm)

Approximately two-thirds of the world population is infected by Helicobacter pylori, which makes it the second most
common chronic infection. Although H. pylori infection is
associated with serious, and even lethal, diseases, it is clear
that the infection in itself is not enough to cause disease.
Most of the infected individuals are asymptomatic. Great
efforts have been made in trying to identify factors, besides
the infection itself, which determine the disease outcome.
These factors may be specific for the host, for the strain, or
the interaction between host and bacteria. In order to gain
understanding of the bacteria at a molecular level, we have
initiated a research collaboration with the aim to solve the
structure of as many as possible of the approximately 1,500
genes in the H. pylori genome. Initially we have selected suitable targets for structure determination mainly from a medical perspective, i.e. potential drug targets. So far 20 genes
have been cloned. Up-scaling of the expression system is
underway. Subsequently we plan to target proteins from several diverse strains of H. pylori in an attempt to explain
strain-specific features. One of the areas where H. pylori

show the largest inter-strain variation is in the restrictionmodification (R-M) systems. The R-M systems are made up
of pairs of enzymes, a restriction endonuclease and a DNA
modifying enzyme.The idea is that the organisms own DNA
is modified at specific recognition sequences to protect it
from being cleaved by the cognate restriction endonuclease.
Each of the two known genomic sequences of H. pylori
strains contain more than 20 putative R-M systems which
comprises more than 4% of the total genome. However,
some R-M systems are not fully functional and there is large
inter-strain variation.
We have cloned, expressed, purified, crystallized and solved
the structure of one of the modification enzymes from H.
pylori strain 26695, Le. the HP 1352, a putative DNA methyltransferase. The molecular model is currently being refined
and interpreted.

Phenol hydroxylase

(with D. Ballou, Michigan and Y. Lindqvist, Stockholm)
Phenol hydroxylase (PHOX; Figure 2) catalyses the first step
in the degradation of phenol in the soil-living yeast I cutaneum. The enzyme also accepts other stable and toxic compounds of industrial origin among its substrates. The catalyzed reaction is interesting; not only from a waste detoxi-

Figure I. Crystal structure

of PA-Fur.
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fication point of view, but stereo-specific enzyme-catalyzed
hydroxylation of phenolic compounds is also of interest for
organic synthesis in the pharmaceutical industry.
Furthermore, as the enzyme does not seem to have any naturally occurring substrates, the evolution of this, presumably,
novel catalytic function is also of interest.
To investigate the reaction mechanism and the mechanism of
substrate recognition and selection, the construction and
over-expression of site-directed mutants of phenol hydroxylase has been undertaken by collaborators at the University
of Michigan. Several mutant proteins are already available.
New improved crystals of native PHOX have also been
obtained. During the construction of the mutants, eleven
errors in the sequence were found. The current model, with
improved resolution from 2.4A to 1.7A, has free R-factor
18.9% and R-factor
15.3%, as compared to the previously
published model with 27.8% and 21.7%, respectively. Other
model quality parameters are also improved.

=

=

Ehmke Pohl
Structural genomics projects
Over the past few years several structural genomics initiatives have started with the involvement of scientists from the
EMBL Hamburg Outstation. Since 1999 we have been associated partner of the international structural genomics consortium of M. tuberculosis in which close to 100 research
groups have combined their efforts to solve hundreds of
crystal structures from M. tuberculosis. (http://www.doembLucla.edu/TB) (Terwilliger, 2000).The consortium has tar-

geted proteins that have been implicated or are likely to contribute to virulence, and proteins that are potential targets
for novel drugs (Goulding et al., 2002). In this context we are
interested in structural studies of DNA-binding regulatory
proteins such as the ferric uptake regulator (Fur).These proteins possess a significant potential as drug targets as they
regulate important basic biological processes and are often
essential for the survival of the pathogen (Gold et al., 200 I;
Pym et al., 200 I). Since 2002 the EMBL Hamburg Outstation
is also a node partner in the first European structural
genomics initiative SPINE (Structural Proteomics in Europe).
In this framework I am responsible for the work package
that deals with beam line automation and sample handling
(http://www.embl-hamburg.de/Hamburg-Spine-outline.html).
During the last year a prototype of a fully automated crystallographic endstation with a sample changer was developed
for our specific local needs in collaboration with the
Fraunhofer institute for production and automation (IPA)
and the instrumentation group. This project is described in
detail in the report of the EMBL Hamburg Outstation instrumentation group. Future work will be focussed on the development of an integrated software package for beam line
control and data collection.

Glycolytic enzymes from

Thermoproteus tenax

(with Esben Lorentzen, EMBL Hamburg Outstation,
Reinhard Hensel, Bettina Siebers, University of Essen)
Glycolytic enzymes of the hyperthermophilic Archaeum I
tenax are of particular appeal for technical applications in

a dimer of phenol hydroxylase. The
different conformations of residues I 70-2 lOin the two subunits
are highlighted in magenta and white for the open and closed conformations respectively. Note also the different conformation of
the isoalloxazine ring of the FAD in the two subunits.
Figure 3. The two subunits in

Figure 2. A model of H. pylori DNA methyltransferase and typical electron density at Is contour level.

- - - - - - - - - - - - - - - - - - - - - - - - - 297 - - - - - - - - - - - - - - - - - - - - - - - - -

EMBL Research Reports 2002

biotechnology. Over the last years we have pursued structural studies of triosephosphate isomerase (TIM) (Walden et
a/. 2002) and the first non-phosporylating glyceraldehyde
dehydrogenase (GAPN) (Pohl, et a/., 2002) in order to correlate structural and biophysical properties. In addition, the
co-crystal structures of these enzymes with inhibitors, activators and substrate analoges serve as model system to
investigate protein-ligand interactions. Recently, we were
able to solve the first crystal structure of an archaeal class I
aldolase at a resolution of 1.9 A by single anomalous diffraction from se-Met substituted crystals. The Fructose 1,6-bisphosphate aldolase (FBPA) forms a dimer of pentamers with
a molecular weight of 280 kDa. Thus, 40 out of 50 possible
Se positions had to be identified to calculate an initial electron density map. Density modification with ten-fold noncrystallographic symmetry averaging yielded an interpretable
map. The homo-decamer consists of subunits that adopt the
widely spread
- fold. The crystal structure of a complex with DHAP determined at a resolution of 2.1 A
revealed the active site residues. Although the protein has
no significant sequence similarity with any other aldolases a
detailed comparison with eukaryotic enzymes reveals an
evolutionary link.

Proteins of iron-uptake system from

Pseudomonas aeruginosa

(with Ana Mijovilovich and Wolfram Meyer-Klaucke,
EMBL Hamburg Outstation,jon C. Haller and
Michael L. Vasil, University of Colorado, Denver, USA).
The iron-uptake from the mammalian host is one essential
step in any bacterial invasion (Weinberg, 1999). In many bacteria, including the opportunistic pathogen R aeruginosa (PA)
iron homeostasis is controlled by the ferric uptake regulator
(Fur) on a transcriptional level (Hantke, 200 I). Here, Fur
controls a wide variety of basic physiological processes such
as iron-uptake and the expression of a large number of virulence factors including its most potent toxin: Exotoxin A
(Vasil and Ochsner, 1999). In order to unravel the activation
mechanism we have performed a series of spectroscopic
measurements in collaboration with the EXAFS group of the
EMBL Hamburg Outstation.Thus, we were able to show that
PA-Fur possesses at least one structural Zn-binding site and
one regulatory Fe-binding site. After many crystallization trials we finally succeeded in growing small crystals suitable for
X-ray diffraction experiments. Consequently, we solved the
first crystal structure of a member of the Fur family by multiple anomalous diffraction (MAD) using data collected at
the wiggler beam line BW7A (Pohl et a/. 200 I). The crystal
structure of PA-Fur in complex with Zinc determined at a
resolution of 1.8 A is shown in Figure I. The molecule is
located on a crystallographic two-fold axis that generates
the functional dimer (Figure I). The basic fold consists of an
N-terminal DNA-binding domain that contains the familiar
'winged-helix' DNA recognition element (Huffman and
C-terminal dimerization
Brennan, 2002) and a novel
domain. This domain provides most of the metal ligating
residues for the two functionally important Zn-binding sites
(shown as spheres in Figure I). Combining the spectroscopic data obtained from a protein sample in solution with the

crystallographic data reveals that the metal position I that is
coordinated by residues of the loop between the DNA-binding and the dimerization domain corresponds to the regulatory Fe-site. Metal position 2 on the other hand most likely
represents the structural Zn-site that is presumably important for stabilizing the overall fold of the protein (Pohl et a/.,
2002).

Alexander Popov
Strategy of data collection based on
statistic modelling
(with G/eb P. Buerenkov, Max-Plank-Arbeitsgruppen
fur Strukturelle Molekular-biologie, Arbeitsgruppe
Proteindynamik)

Diffraction data quality, efficiency of use of the beamline,
structural genomics programs involving high-throughput
structure determination would obviously benefit from full
automation the data collection process. Set up the experiment (sample mounting and centring, estimation the quality
of crystal and determination of data-collection parameters)
now is the most difficult and least automated step in the
procedure of macromolecular diffraction data collection.
Here we present new method and new version of the software program BEST for optimal and automatic planning of
data collection. The method is based on estimation of statistical results of data collection for different combinations of
data collection parameters. The set of parameters, which
provide minimal data collection time or radiation dose is
selected. Just a few initial images taken with short exposure
time are required to make predictions.
First BEST determines the starting spindle angle with the
shortest scan interval to achieve full completeness of
indices. Then, the program calculates total data collection
time (and dose) required in order to achieve given ratio
f/a(/) as a function of resolution. On the basis of the resolution and f/a(/) requested by the
the program proposes
the plan of data collection.The plan defines the total rotation
range, exposure time and rotation range per frame, detector
distance and the detector diameter (when applicable).
Anisotropy in the diffraction and geometrical restrictions
(e.g. spot overlapping) are taken into account. The rotation
range per frame and scan speed vary with the rotation angle
in a way to make the distribution of f/a(/) over reciprocal
space as uniform as possible.The program estimates the data
statistics (mean intensity, mean sigma, R-merge, distribution
of f/a(/) as a function of resolution) for the data that will be
collected according to the plan. In addition, BEST can calculate optimum plan for a user-defined total rotation range.
The program can also predict data statistics for any set of
data collection parameters defined by the user.
The program has been successfully used at the protein crystallography synchrotron beam-lines at DORIS (DESY). The
software proved to be extremely useful in using the available
data collection time in the most efficient way.

- - - - - - - - - - - - - - - - - - - - - - - - 298 - - - - - - - - - - - - - - - - - - - - - - - - - -

Hamburg Outstation

Atomic resolution structure of
human mitochondrial D3-D2-enoylCoA isomerase
(with Sanna Partanen and Rik Wierenga, University
Oulu, Finland)

chondria. Also the assembly of the proteins differs; yeast
peroxisomal enzyme is hexameric protein whereas the
human mitochondrial is a trimer.

of

Human mitochondrial i13-i12-enoyl-CoA isomerase takes
part in fatty acid degradation pathway. In order to understand how this enzyme catalyzes the conversion of both cisand trans-3-enoyl-CoA esters to trans-2-enoyl-CoA in
human mitochondria we have solved the structure of mitochondrial enzyme using X-ray crystallography.
Only five members of the hydratase/isomerase protein family have known structures, and only one L13-i12-enoyl-CoA
isomerase protein structure has been solved so far. The
solved i1 3-i12-enoyl-CoA isomerase is a peroxisomal enzyme
from yeast Saccharomyces cerevisiae. It has very low, 12.7 %,
sequence identity with human mitochondrial i1 3-i1 2-enoylCoA isomerase and different active-site amino acid residues
used for the catalysis. Different catalytic residues suggest
that mechanism of changing odd-numbered double bond to
even-numbered one in fatty acids covalently bound to CoA
is build differently in yeast peroxisomes than human mito-

Enroth
Publications during the year
Schirwitz, K., Lundin,A., Skoglund, A., Krabbe, M., Engstrand,
L. & Enroth, C. (2003). Cloning, expression, purification,
crystallization and preliminary X-ray diffraction analysis of
HP 1352, a putative DNA methyltransferase in Helicobacter
pylori. Acta Crystallogr. D BioI. Crystallogr., 59, 719-720

Other references
Xu, D., Enroth, C., Lindqvist,Y., Ballou,
& Massey,v.
(2003). Studies of the mechanism of phenol hydroxylase:
Effect of mutation proline364 to serine. (in press)

Pohl
Publications during the year
Paaviiainen,Y.O., Merckel, M.C., Falck, S., Ojala,
Pohl, E.,
Wilmanns, M. & Lappalainen, (2002). Structural conservation between the actin monomer-binding sites of twinfilin
and actin-depolymerizing factor (ADF)/cofilin. j. BioI. Chem.,
277, 43089-43095
Pohl, E., Brunner, N., Wilmanns, M., Hensel, R. (2002). The
crystal structure of the allosteric non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase from the hyperthermophilic Archaeum Thermoproteus tenax. j. BioI. Chem.,
277, 19938-19199

Crystals of human mitochondrial i1 3-i12-enoyl CoA isomerase liganded with n-octanoyl-Coenzyme A belonging to
the spacegroup C2 were grown in the presence of PEG6000,
Na-acetate and NaCI at pH 4.1. The unit cell dimensions
were a= 102A, b=78A, c= I 13A and asymmetric unit contained 3 monomers. The structure was solved using sodiumbromide derivative by collecting MAD-dataset and using programs SHELXD for solving the phase problem. The native
data of i1 3-i1 2-enoyl CoA isomerase liganded with noctanoyl-Coenzyme A was collected at ultra-higher (1.3 A)
resolution. The structure was refined by SHELXL program
with R-factor 13.5 %. Also datasets with three other ligands
with longer fatty acid tails were collected to test binding
properties of the enzyme.
Now solved human mitochondrial D3-D2-enoyl-CoA isomerase is the sixth known structure within this superfamily
and the structure clearly resembles the other known structures. They all have a spiral core domain and a helical C-terminal domain involved in trimerization. Analysis the structure-function relationship is in progress.

Pohl, E., Haller,j.C., Mijovilovich,A., Meyer-Klaucke,W,
Garman, E. &Vasil, M.L. (2003). Architecture of a protein
central to iron homeostasis: crystal structure and spectroscopic analysis of the ferric uptake regulator. Mol.
Microbiol., 47,903-915
Yeh,j.l., Du, S., Pohl, E. & Cane, D.E. (2002). Multistate binding in pyridoxine 5'-phosphate synthase: 1.96 A crystal
structure in complex with I-deoxy-D-xylulose phosphate.
Biochemistry, 41, I 1649-1 1657

Other references
Gold, B., Rodriguez, G.M., Marras, S.A., Pentecost, M. &
Smith, I. (200 1). The Mycobacterium tuberculosis IdeR is a
dual functional regulator that controls transcription of
genes involved in iron acquisition, iron storage and survival
in macrophages. Mol. Microbiol., 42, 851-865
Goulding, C.W,Apostol, M.,Anderson, D.H., Gill, H.S.,
Smith, C.Y., Kuo, M.R.,Yang,j.K.,Waldo, G.S., Suh, S.W.,
Chauhan, R., Kale,A., Bachhawat, N., Mande, S.C., johnston,
j.M., Lott,j.S., Baker, E.N.,Arcus,Y.L., Leys, D., McLean, K.j.,
Munro, A.W, Berendzen, j., Sharma, Y., Park, M.S., Eisenberg,
D., Sacchettini, j.,Alber, T., Rupp, B., jacobs W, j.r &
Terwilliger, TC. (2002). The TB structural genomics consortium: providing a structural foundation for drug discovery.
Curro DrugTargets Infect. Disord., 2, 121-141
Hantke, K. (200 I). 1ron and metal regulation in bacteria.
Curro Opin. Microbiol., 4, 172-177
Huffman, j.L. & Brennan, R.G. (2002). Prokaryotic transcription regulators: more than just the helix-turn-helix motif.
Curro Opin. Struct. BioI., 12, 98-106
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Pohl, E., Gonzalez A., Hermes, C. & van Silfhout, R.G. (200 I).
Overview of the tunable beamlines for protein crystallography at the EMBL Hamburg Outstation; an analysis of current and future usage and developments j. Synchrotron
Rad., 8, I I I3- I I20
Pym,A.S., Domenech, R, Honore, N., Song,j., Deretic,V. &
Cole, S.T. (200 I). Regulation of catalase-peroxidase (KatG)
expression, isoniazid sensitivity and virulence by furA of
Mycobacterium tuberculosis. Mol. Microbiol., 40, 879-889

Popov
Publications during the year
Urbanikova, L.,janda, L., Popov,A.,Wiche, G. & Sevcik,j.
(2002). Purification, crystallization and preliminary X-ray
analysis of the plectin actin-binding domain. Acta
Crystallogr. D BioI. Crystallogr., 58, 1368-1370

Terwilliger, T.e. (2000). Structural genomics in North
America. Nat. Struct. BioI., 7 Suppl, 935-939
Vasil, M.L. & Ochsner, U.A. (1999). The response of
Pseudomonas aeruginosa to iron: genetics, biochemistry
and virulence. Mol. Microbiol., 34, 399-413
Weinberg, E.D. (1999). Iron loading and disease surveillance.
Emerg. Inf. Dis. 5 346-352
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Small-angle scattering from macromolecular
solutions
Team leader:
Visitors:

Dmitri Svergun
Petr Konarev, Vladimir Volkov, Maxim Petoukhov,Anna Sokolova, Valeria Samygina

Beamline development
Recently developed by us advanced analysis methods
(Svergun et al., 200 I; Petoukhov et al., 2003) use both small
and wide angle scattering data to substantially improve the
resolution and reliability of models built from solution scattering. The X33 instrument was therefore modified to also
collect wide angle scattering patterns from macromolecular
solutions. A two-detector setup for collecting small and
wide angle portions of the scattering curves in overlapping
ranges without changing the camera geometry is implemented. Using the switching module (see report of M. Koch),
the signals from the two detectors are recorded in alternative frames by the same acquisition system.This setup allows
one to record full scattering curves in the resolution range
from 50 to 0.7 nm. To further improve the camera and
reduce the amount of material, a second acquisition system
for parallel small and wide data collection is required.
The data processing program PRIMUS is significantly
enhanced. Menus to conveniently generate angular axis from
calibration samples, to call the primary analysis program
SAPOKO, and to run the binary to ASCII data transformations are added. The data processing toolbox permits one to
load multiple files, to perform data manipulations (e.g. normalization, averaging, merging, background subtraction, etc.).
The programs SASPLOT for enhanced graphic display,
GNOM for computation of characteristic functions and
PEAK for the analysis of structure factors can be invoked
from pop-up menus. The package PRIMUS, running on a PC
underWinNT/9x/2000, now provides an integrated environment for complete data processing of an experiment. The
program is running on a Windows 2000 machine at the
beamline X33 linked to the acquisition PC over the network,
so that on-line data processing and analysis can be performed during the experiment.

Data analysis methods

(collaboration with
M.Petoukhov, Institute

P.Konarev,A.Sokolova and

of Crystallography, Moscow)

Modern ab initio methods based on Monte-Carlo techniques
(Svergun et al., 200 I; Petoukhov et al., 2002) provide multiple
three-dimensional low resolution models when started from
with randomly generated initial models. For automated
analysis of such reconstructions, a program package
DAMAVER was written based on the program SUPCOMB
(Kozin and Svergun, 200 I), which aligns two models represented by ensembles of points and provides a dissimilarity
measure between them. In DAMAVER, all pairs are compared in a set of models, a reference model is selected giv- - - - - - - - - - - - - - - - - - - - - - - - 301

ing the smallest average dissimilarity measure and possible
outliers are discarded. All the models except the outliers are
superimposed onto the reference model using SUPCOMB,
and the entire assembly is remapped onto a densely packed
grid of beads where each grid point is characterized by its
occupancy factor. The grid points with higher occupancies
are selected to yield the volume equal to the average excluded volume of all the individual models. This averaging technique permits one to analyze the stability of the reconstruction and yields the model preserving the most probable features of the particle, which significantly improves the reliability of the results.
A new version of the program GASBOR (Svergun et al.,
200 I) for ab initio analysis of shape and domain structure of
proteins in solution is written. This program employs simulated annealing to find a chain-like spatial distribution of
dummy residues (DR), which fits the experimental scattering
pattern up to a resolution of 0.5 nm. A modification of GASBOR fitting distance distribution data in real space substantially (by a factor of 3 to 7) speeds up the computation of the
DR models and also makes the method less sensitive to systematic errors in the background subtraction. This fast and
stable version of GASBOR should be especially important
for large-scale structural analysis of proteins. Further, the
algorithms for adding missing loops or domains to high and
low resolution macromolecular models are implemented in
a program suite CREDO (Petoukhov et al., 2002) and applied
to a number of ongoing projects. Other programs such as
DAMMIN (Svergun, 1999), CRYSOL (Svergun et al., 1995),
MASSHA (Konarev et al., 200 I), OLIGOMER, PEAK, GNOM
(Svergun, 1992), etc. are also further developed and included
in the new release of the ATSAS program suite available from
the EMBL-Hamburg website.

Solution scattering studies of
biological macromolecules at the
X33 beamline
Most of the studies of biological macromolecules in solution
(about 80%) were, as before, collaborative projects, whereby
the EMBL staff was not only helping with data collection and
primary data treatment but also extensively involved in data
interpretation and building the final models. A non-exhaustive list of collaborative projects includes low resolution
structure analysis of cytochrome P450 (D. Leys, University of
Leicester, UK), of Btk tyrosine kinase U. Marques, EMBLHeidelberg), of glutamate synthase (M. A. Vanoni, University
of Milan, Italy) of release factors (M. Ehrenberg, Uppsala
University, Sweden) of Lumazine synthase (R. Ladenstein,
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Karolinska Institute, Huddinge, Sweden), of EGF/EGF receptor complexes (W.Weber, Hamburg University, Germany) of
the enzymes from the shikimate pathway and of the catalaseperoxidase (Dr. K. Brown, Imperial College, London), of
intermediate filaments (S. Strelkov, Biozentrum Basel,
Switzerland), of inorganic pyrophosphatase (Y. Samygina,
Institute of Crystallography, Moscow, Russia), of methionyltRNA synthetase (S. Cusack, EMBL-Grenoble).The examples
before present the work done on selected collaborative
projects in more detail.

Cross-linking function of telethonin
in the complex with titin suggested
by solution scattering

(collaboration with M. Wi/manns, EMBL-Hamburg, A.
Geerlof and M. Gautel, EMBL-Heidelberg)
Telethonin, a 167 residues protein with unknown structure,
interacts specifically with the two Z-disk IG-Iike domains
(Z IZ2) at the N-terminus of titin, the largest presently
known protein. The molecular basis of the interaction
between the N-terminus of titin and telethonin is a key for
understanding the anchoring mechanism of titin within the
Z-disk. Analytical ultracentrifugation and synchrotron radiation X-ray scattering were employed to study the solution
structures of Z IZ2 and its complexes with telethonin, and
low resolution models were constructed ab initio from the
scattering data. A seven residues long poly-histidine tag was
localized at the tip of the Z I domain by comparison of independent models of native and his-tagged versions of Z IZ2
(Figure IA).To our knowledge, this is the first time that a tag
containing seven residues only is located using solution scat-
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tering. The stoichiometry of the complex between the
telethonin construct lacking the C-terminus and Z IZ2
(TE(90)-Z IZ2) indicate antiparallel association of two Z IZ2
molecules with telethonin acting as a central linker (Figure
IB). The complex of full-length telethonin with Z IZ2
(TE( I67)-Z IZ2) appears to also have a 1:2 stoichiometry at
concentrations below I mg/ml, but dimerises at higher concentrations. Two models of TE(90)-Z IZ2 can be positioned
as in Figure IC inside the model ofTE( I67)-Z IZ2 complex,
and the additional volume in the central part of TE( 167)Z IZ2 may accommodate the 154 residues of the two
telethonin molecule smissing in the TE(90)-Z IZ2 complex.
Our data suggest a cross-linking function for telethonin, connecting two titin molecules at their N-termini leading to a
telethonin-mediated auto-anchoring of titin dimers in the Zdisk.

Insights into signal transduction
revealed by the low resolution
structure of the FixJ response
regulator

(collaboration with }.-P. Samama, CNRS-IPBS, Toulouse,
France)
Two-component regulatory systems mediate most of the
bacterial cells responses to a variety of signals. In sinorhizobium meliloti, the FixL-FixJ couple controls the expression of
the nitrogen fixation genes through the binding of the twodomains response regulator FixJ to the fixK and nifA promoters. Phosphorylation of the N-terminal regulatory
domain activates the protein by releasing the inhibition of

c

Figure I. Ab initio low resolution models of Z IZ2 and its complexes with telethonin. (A) Models of Z IZ2 (cyan beads, left) and His
Z IZ2 (brown beads, right; the extra seven residues due to the His-tag correspond to the extra volume on the top of the molecule in
upper and middle rows). (B) Shape ofTE(90)-Z IZ2 (yellow beads, left) and this model as semitransparent beads superimposed with two
antiparallel models ofZ IZ2 (cyan and green beads, right). (C) The model ofTE( 16 7)-Z IZ2 (yellow beads, left), and two models ofTE(90)Z IZ2 (cyan and green beads) tentatively positioned inside the TE( 16 7)-Z IZ2 model (right). In all panels, the middle and bottom rows
are rotated counterclockwise by 90 degrees around the Y and X-axis, respectively.
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the C-terminal DNA binding domain that occurs in the
unphosphorylated protein. Insights into the transition from
the inactive to the active form are provided by the architecture of the unphosphorylated response regulator presented
in this report. The relative position and orientation of the Nand C-terminal domains were deduced from the molecular
envelope restored from small-angle X-ray scattering data
using the program DAMMIN (Svergun, 1999). The involvement of the
surface of the regulatory domain, the
linker region and the C-terminal helix of the DNA-binding
domain in the interdomain interface of unphosphorylated
FixJ was supported by biochemical investigations. These
results, together with the previously reported studies on the
phosphorylated form of this response regulator, emphazise
the role of the
surface in mediating a flow of informations in the FixJ protein.

Low resolution structure
determination of a procollagen Cproteinase enhancer

(collaboration with D. Hulmes, CNRS-UMR, Lyon,
France)

Procollagen C-proteinase enhancer (PCPE) is an extracellular matrix glycoprotein that can stimulate the action of tolloid metalloproteinases, such as bone morphogenetic protein-I ,on a procollagen substrate, by up to 20-fold.The PCPE
molecule consists of two CUB domains followed by a C-terminal NTR (netrin-like) domain. In order to obtain structural insights into the function of PCPE, the recombinant protein was characterized by a range of biophysical techniques,
including analytical ultracentrifugation, transmission electron
microscopy and small angle X-ray scattering. All three
approaches showed PCPE to be a rod-like molecule, with a
length of approximately 15 nm. Homology modeling of both
CUB domains and the NTR domain was consistent with the
low-resolution structure of PCPE deduced from the small
angle X-ray scattering data constructed using DAMMIN
(Svergun, 1999) and GASBOR (Svergun et 01., 200 I). Missing
linkers between the CUB domains were reconstructed using
the CREDO (Petoukhov et 01., 2002) program suite.
Comparison with the low-resolution structure of the procollagen C-terminal region supports a recently proposed
model (Ricard-Blum et 01., 2002) for the mechanism of action
of PCPE.

Solution structure of the filarial
nematode immunomodulatory
protein, ES-62
(collaboration with O. Byron, University
UK)

of Glasgow,

ES-62, a protein secreted by filarial nematodes, parasites of
vertebrates including humans, has an unusual post-translational covalent addition of phosphorylcholine to an N-type
glycan. Studies on ES-62 from the rodent parasite
Acanthocheilonema viteae ascribe it a dominant role in ensuring parasite survival by modulating the host immune system.
Understanding this immunomodulation at the molecular

level awaits full elucidation but distinct components of ES-62
may participate: the protein contributes aminopeptidase-like
activity while the phosphorylcholine is thought to act as a
signal transducer. A combination of biophysical and bioinformatic approaches was used to define a low-resolution model
of ES-62. Sedimentation equilibrium showed that ES-62 is a
tightly bound tetramer. The sedimentation coefficient is consistent with this oligomer and the overall molecular shape
revealed by small angle X-ray scattering. An ab initio model
for ES-62 consisting of densely packed beads was restored
from the scattering data using the program DAMMIN
(Svergun, 1999). Analysis of the primary sequence with the
position-specific iterated basic local alignment search tool,
PSI-BLAST, identified 6 closely homologous proteins, 5 of
which are peptidases, consistent with observed aminopeptidase activity in ES-62. Differences between the secondary
structure content of ES-62 predicted using the consensus
output from the secondary structure prediction server
JPRED and measured using circular dichroism are discussed
in relation to multimeric glycosylated proteins. This study
represents the first attempt to understand the multi-functional properties of this important parasite-derived molecule
by studying its structure.

Solution scattering studies of
exportins and importins

(collaboration with E. Conti, EMBL Heidelberg)

Transport of molecules between nucleus and cytoplasm
occurs through nuclear pore complexes, channels that perforate the nuclear envelope. Nuclear transport receptors
(karyopherins or importins/exportins) are responsible for
the translocation of their specific cargo in or out of the cell
nucleus through these pores. Up to now, only a few high resolution structures of importins and none of the export
receptors are available.To assess the range of conformations
karyopherins can adopt in different states of their transport
cycle, several free and cargo-bound importins and exportins
were analyzed using solution X-ray scattering. The two best
known members of the karyopherin family, importin and
transportin, were purified in their free state and in their
RanGTP-bound state. The ab initio low resolution model of
the transportin-RanGTP complex is remarkably similar to
the known crystallographic structure (Chook and Blovel,
transportin assumes a
1999). In the absence of
much less compact Z-like shape. Free importin assumes a
similar open Z-Iike conformation but responds to RanGTP
with a very different global change yielding a much more
compact shape than the one obtained for the transportinRanGTP complex.We also preliminary tested one of the less
studied members of the family, the exportins CAS/Cse I and
Crm I. These proteins yielded the scattering patterns and,
correspondingly, the restored shapes significantly different
from those of importin and transportin. With the exception of Crm I, no essential difference in low resolution
shapes was detected between the same proteins from different species.These results, together with the analysis of the
Exportin-t, a specific export factor for tRNAs (see report
for 200 I) provide a general overview of the conformation
changes during the transport cycle.
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Transcriptional activation and signal
transduction
Two-component regulatory systems can be characterised by
phosphotransfer reactions between a sensor protein and a
response regulator. The cr 54 dependent NtrB/NtrC and
NifL/NifA signal transduction systems, that control the nitrogen assimilation and fixation in many bacteria, belong to this
family and have been studied extensively. Last year we
reported that HydG protein from Salmonella typhimurium
was one of our most promising candidates for crystallogenesis. It has been postulated to playa role in the regulation of
hydrogenase expression, however, neither the physiological
signal nor the nl0lecular mechanism of its action are established. Some recent studies showed that the HydH/HydG
system is responsive to high Zn 2+ concentrations and that it
regulates the expression of the zraP gene, which codes for a
periplasmic Zn 2+ binding protein.
Data on crystals of the native and Se-Met protein at the peak
and inflection point wavelengths were measured on the ID14-4 beamline at the ESRF in Grenoble. Data on a mercury
derivative and the Se-Met crystal at the remote wavelength
were collected on our BW7A beamline in Hamburg. The
crystals belong to space group P222 with a= 107.4A,
1

,

b= I 14.7A and c= I87.3A. Our best native crystal diffracted
to 3.0 A, the Se-Met derivative to 3.2A. Unfortunately the
native and selenomethionine crystals were non-isomorphous. After determining the Se-Met positions with the initial phases of the Hg derivative, we combined the phases
from the two sources, which after solvent flattening and
NCS averaging yielded a buildable map. So far about 70% of
the main chain has been built and shows that the central
domain, in the presumably constitutively active form of the
protein, forms hexameric rings, with the C-terminal DNA
binding domains all on the same side of the ring. The ring
structure shows striking similarities to the Holiday junction
protein RuvB.
We are associate members of the Mycobacterium tuberculosis
Structural Genomics Consortium (see http://www.doembLucla.edu/TB/) and, in a genomic approach, have targeted
ten open reading frames. By sequence similarity with already
known two-component systems, Rv0602c, Rv07S7, Rv098 I,
Rv I027c and Rv 1626 are predicted to be response regulators, and Rv0600c, Rv060 Ic, Rv0758, Rv324Sc, Rv0902c to
be sensor kinases.What the sensor kinases respond to is not

yet certain, but in some cases can be deduced by sequence
similarity to well characterised systems in other prokaryotes.The ten targets have been cloned, two show little or no
expression using standard vectors and cell lines, and of the
remaining eight, seven show some degree of solubility. We
have obtained crystals of Rv 1626, probably aCheY homologue, diffracting to 1.7A and structure solution is in
progress, although molecular replacement using CheY models is unsuccessful. For other targets, in particular the sensor
kinases, it is likely that subcloning of domains will be necessary to yield crystallisable material.

Viral replication proteins
The Bluetongue Virus (BTV) NS2 protein is the major constituent of viral inclusion bodies which are the sites of BTV
synthesis in virus infected cells. Furthemore, BTV NS2 is
known to bind ssRNA and is thought to be subsequently
involved in the selection and condensation of the mRNA
segments into precursor viral particles.We had been able to
grow crystals from the controlled proteolysis of a construct
with a high specificity TEV protease cleavage site inserted
between the Nand C terminal domains of the protein. The
protein has been purified and we have shown that it can be
cleaved by the TEV protease yielding crystals that diffract to
2.4A. The structure has been solved using crystals of the
selenomethionine containing construct. The protein forms a
continuous spiral of dimers with crystallographic 6 5 symmetry (Figure I) and explains many crystallographic and biochemical properties of the protein.
The N-terminal domain crystallizes and is insoluble because
it can form the continuous spirals. The full length protein
cannot do this because the C-terminal domain cannot be
stiochiometrically included in the centre of the spiral, where
residues implicated in RNA binding at C- and N-termini of
the construct protrude. However, some full length molecules
can be included and consequently inhomogeneity in the
crystals is observed. Protruding into the centre of the spiral
are two regions of the sequence (not seen in the crystal
structure) that have been implicated in RNA binding. Again
the observation that in solution, with or without bound
RNA, the protein forms large oligomers is explained. The
monomer is essentially a
but has a unique topology and therefore no proteins with a similar fold are found
in the protein data bank.
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The herpes viruses code for seven proteins that are required
for viral DNA synthesis during the lytic phase.We are interested in the mechanism of initiation of replication and therefore in the structure of the single-stranded DNA binding
protein of herpes simplex virus I (ICP8) which is unusually
large for an SSB (128kDa). Crystallisation of a double cysteine mutant with the N-terminal 60 residues deleted
proved to be successful and native data to 3.0 A were collected. Data were also measured on the selenomethionine
containing protein, but structure solution was hampered by
data quality, by problems of non-isomorphism between crystals, by the requirement to locate 56 seleniums from the
multiple wavelength experiments at the selenium edge (two
molecules/asymmetric unit) and by the relatively poor diffraction limit. After careful data analysis SHELXD, using
three wavelength data, was able to locate 49 selenium sites
indicating two molecules in the asymmetric unit. The NCS
operator was' detected using the program PROFESSS and
the NCS operators were confirmed using RESOLVE. The 49
sites were refined using the program MLPHARE with a final
figure of merit of 0.63 to 4A. From this phase set around
50% of the model could be built using RESOLVE. Molecular
replacement was then used to solve a second (non-isomorphous) selenomethionine crystal for which two wavelengths
had been collected. Multiple crystal averaging combined with
NCS has been used to improve the phase set and to allow
usage of the higher (3A) resolution native data set. Although
model building is incomplete (-90% built) the molecule
shows a complex structure, with apparently a single folding
unit comprised of two largely a-helical and two largely psheet regions.
Protein-priming is one of the mechanisms found in evolution
to overcome the problem of replicating the molecular ends
of linear genomes. Replication of the adenovirus genome is

catalysed by the adenovirus DNA polymerase (Adpol,
140kDa) via such a protein-priming mechanism in which the
adenovirus preterminal protein (AdpTR 80kDa) acts as a
protein primer. Adpol and pTP form a stable heterodimer,
and following the binding of pTP-pol to the core origin of
replication, DNA synthesis is initiated by Adpol catalysing the
addition of dCMP to the hydroxyl group of S580 of
Initiation is enhanced by the virus-encoded single-stranded
DNA (ssDNA) binding protein (DBP) and two cellular transcription factors, nuclear factors I and III, but processive
replication requires only DBP and Adpol. We had previously
expressed and purified pTP (from AdS), and had taken it
through extensive crystallization trials without success. We
believe this is because the protein has more than one
domain with flexible linkers (it is cleaved in two major steps
by the viral protease) however the TP is of less interest to
us because it is not capable of forming a tight complex with
pol and is therefore not active in the initiation of replication.
The expression of pol in the baculovirus system that we use
was very poor, because it is both toxic to the insect cells and
sensitive to one or more of the cellular proteases. We had
cotransfected using recombinant viruses producing pTP and
pol and obtained slightly higher yields of the I: I pTP/pol
complex possibly suggesting that complex formation stabilises pol. The expression of a 22kDa fragment, which corresponds to the N-terminal region obtained by trypsin digestion in E. coli was performed. The expression had very high
yield, but the protein was expressed in inclusion bodies.
Unfortunately the protein was soluble only under denaturating conditions. A longer N-terminal fragment of pTP
(40kDa) was expressed in E. coli but also in this case the protein was insoluble. Co-expression with different kinds of
chaperones did not improve the solubility. The short constructs of pTR namely iTP (175-653) and TP (349-653), were
cloned into the baculovirus system. A study of expression of

Figure I. On the left the structure of the NS2 N-terminal domain dimer with the monomers shown in blue and cyan. On the right the
continuous spiral of dimers in the crystal.
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iTP shows this protein was also expressed in insoluble form
however expression ofTP in the baculovirus system is more
promising.

Use of Xenon as a derivative
It has been previously demonstrated that xenon can be used
as a vehicle for deriving phases in single crystal X-ray diffraction experiments on protein crystals, either by isomorphous replacement or by using the anomalous signal. We
have been investigating the desorption rates of xenon and
krypton from some test protein crystals. This is to establish
two points, firstly whether xenon or krypton occupy the
same sites with similar occupancies, and secondly to show
whether flash cooling under a noble gas atmosphere is necessary for routine work. Preliminary results show that krypton often, but not always, binds in the same place and that
krypton desorption is more rapid. Despite this the rate of
desorption is such that standard techniques (depressurization followed by flash cooling) can be used. As another test
case we have looked at the structure of glucose isomerase
derivitized by Kr where xenon does not apparently bind.

Publications during the year
Panjikar, S. & Tucker, RA. (2002). Use of dry paraffin oil and
Panjelly in the xenon derivatization of protein crystals. J.
Appl. Cryst. 35, I 17-1 19
Panjikar, S. & Tucker, RA. (2002). Phasing possibilities using
different wavelengths with a xenon derivative J.Appl. Cryst.
35,261-266
Panjikar, S. & Tucker, RA (2002). Xenon derivatisation of
halide soaked protein crystals Acta Cryst, D58, 1407-1412

One Kr atom with occupancy 0.4 was located in intramolecular hydrophobic pocket and a second one with occupancy
0.15 was placed in intermolecular surface.We also observed
a pressure-induced change of the space group from 1222 to
P2 12 12 and note that this is more frequently observed. The
high resolution structure (0.98 A) of glucose isomerase has
also been refined and submitted to PDB data bank.

Other projects
Active site mutants of two structurally similar restriction
endonucleases Pvull(Y94F) and EcoRV(Y72F) have been
studied (in collaboration with M. Kokkinidis, IMBB Crete) in
order to determine the basis of the roles of metal specific
binding sites and residues in catalytic activity. The mutants
have been expressed, purified and crystallised in the absence
of their cognate DNA. Data was collected to 2.5A on
Pvull(Y94F) and the structure has been solved by molecular
replacement and refined. The reduced efficiency of the
mutant is likely to be due to increased flexibility of a catalytically important loop resulting from the mutation in a spatially (but not sequentially) adjacent region.

Weiss, M.S., Panjikar, S., Nowak, E. & Tucker, RA. (2002).
Metal binding to porcine pancreatic elastase: calcium or not
calcium. Acta Crystallogr. D BioI. Crystallogr., 58, 14071412

Other references
Agianian, B., Tucker, RA., Schouten, A., Leonard, K., Bullard, B.
& Gros, R (2003). Structure of a Drosophila sigma class glutathione S-transferase reveals a novel active site topography suited for lipid peroxidation products. J. Mol. BioI., 326,
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Structural genomics on
Mycobacterium tuberculosis
(Georgia Kefala, Rajesh Singh)

The increase in tuberculosis cases worldwide, combined
with the growing number of multidrug-resistant
Mycobacterium tuberculosis strains, highlights the need for
new anti-tuberculosis drugs. Structural Genomics is a rapidly developing field aiming in determining and analyzing the
structure of all proteins of a given organism, in order to provide functional information. The TB Structural Genomics
Consortium (www.doe-mbLucla.edu/TB) is comprised of different research groups from 59 Universities and Research
Institutes from all around the world, and its goal is the structure determination of a large number of proteins from M.
tuberculosis, the causative agent of tuberculosis.
Our group has laid its focus on the study of 14 targets from

M. tuberculosis: one transmembrane protein, nine proteins of
the lysine, and four proteins of the leucine biosynthesis pathway. These last four proteins are of particular interest given
that microbes and plants, but not mammals, have the capacity to synthesize the branched-chain amino acids. Therefore,
inhibition of the branched-chain amino acid biosynthetic
enzymes should affect only the pathogenic organism with little potential toxicity for the patient (Grandoni et 01., 1998).
Standard high-throughput procedures concerning cloning,
expression, solubilization and purification have been developed by some of the Consortium groups, and are being
applied to our targets. So far, we have succeeded to amplify
all 14 targets using the PCR technique, to introduce specific
restriction sites, and to clone them into a cloning vector.
Cloning into the expression vector (pET22b, Novagen) was
successful for two targets (Rv 1202 and Rv 1293), both
belonging to the lysine biosynthetic pathway. Problems with
ligation, which has been the limiting step for cloning into the
expression vector, are now circumvented, so expression and
solubility studies for the rest of the targets will be under way
soon. All proteins will be expressed with a tag of 6 histidine
residues (His-tag) at the C- terminus, in order to enable
detection and purification.The His-tag will be removed prior
to crystallization by proteolytic (thrombin) cleavage.
The Rv 1202 product has been successfully overexpressed in
Eschericia coli Rosetta DE3 cells. After expression and solubility studies, we are currently working on an optimal purification protocol before proceeding to crystallization trials.
After screening and establishment of crystallization condi-

tions, selenomethionine-containing variants of the proteins
will be produced from a Met-auxotroph E. coli strain, allowing us to use the MAD technique for structural analysis.
The structure determination of the above proteins will provide valuable information for drug design and vaccine production against tuberculosis.

Structural studies on plant
pathogenesis related proteins PR 10
(Rafal Dolot in collaboration with Dr. Grzegorz
Bujacz, Technical University of Lodz, Poland)

Pathogenesis-related proteins of class 10 (PR 10) are only
found in the plant kingdom where they are coded by multigene families and occur at high levels. Research on PR 10 proteins has been conducted in many laboratories for over
twenty years, but the most important question is still unanswered: what is their function in the plant organisms? Most
of the hypotheses assume that the level of expression of
these proteins in tissues increases in response to different
stress factors, e.g. wounding, UY radiation, some chemical
compounds or pathogenesis infections (hence their name).
The latest research yielded some insight into details of their
three-dimensional structures.
The protein studied here is LIPR IO.I.B from Lupinus luteus.
This protein had been crystallized previously (Biesiadka et
01., 1999) and its structure determined at room temperature
(Biesiadka et 01., 2002). The structure consists of a curved
sheet of seven anti parallel
wrapping around a long
a-helix. In the last year, a number of data sets were collected at the EMBL Hamburg beamlines. Data sets collected at
100 K using three different cryoprotectants (mineral oil,
glycerol and saturated citrate) were analysed in detail and
the respective structures compared to the published room
temperature structure. This comparison yielded some interesting information about the structural changes under freezing, mainly in the loop from amino acids 58-63 and the C-terminal a-helix.
Furthermore, the structure of LIPR IO.I.B was compared
with other existing structures using the DALI method (Holm
and Sander, 1993). Some interesting hits have been found,
which may be able to yield some insight into the function of
LIPR IO.I.B. The structures, which are closest, are the major
birch pollen allergen Bet v I (PDB entry IBY I) and major
cherry allergen Pru av I (PDB entry IE09). Structures, which
are more distantly related, are mammalian phosphatidylinos-
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itol transfer protein (PDB entry IFYZ), the StAR-related
lipid transfer domain of the MLN64 protein (PDB entry
IEM2), the mouse cholesterol-regulated protein 4 (PDB
entry IJSS) and rabbit phosphoglucomutase (PDB entry
3PMG). The common feature of these proteins is, that they
all contain a ligand binding site. Therefore, it may be concluded that the function of LIPR IO.I.B is also to act as some
sort of binding protein. Studies, which can confirm this
hypothesis are currently under way.

Long wavelength diffraction data
collection
Some recent diffraction experiments both at synchrotrons
and at home sources (for a review, see Dauter, 2002) suggest
that the anomalous signal provided by sulfur and phosphorous atoms, which are present in nearly all native protein or
DNA molecules, may be sufficient for phase determination.
General application of this concept is hindered, however, but
the fact that the requirements concerning the diffraction
data quality are extremely high. A possible solution to this
problem could be the collection of diffraction data at slightly longer but still accessible wavelengths (range 1.5 - 3.0 A).
At these wavelengths, the signal of Sand P is enhanced and
should therefore be detectable more easily. However, by collecting data at longer wavelengths, absorption of the X-ray
beam in the crystal, the surrounding mother liquor and the
loop becomes more and more of a problem. In principle,
there are two ways to correct for this: (a) to perform an
experimental absorption correction and (b) to do an a posteriori correction during the scaling stage.
Based on previous experience (Weiss et 01., 200 I a,b ), it is
clear that the improvement ought to come from both sides.
Therefore, we are working on improved data collection

strategies to minimize absorption in the first place, as well as
on the development of improved scaling protocols to correct for absorption as efficiently as possible. With such protocols at hand, diffraction data collection at longer wavelengths and sulfur or phosphorous phasing will become feasible and routine for many proteins.
Most of the data collections in this project have been carried
out at the ELETTRA synchrotron (Trieste, Italy) owing to the
easy access of long X-ray wavelengths (1.5 - 3.0 A) at this
site. In the future (mid-2003), the new EMBL beamline X 12
will make these longer wavelengths easily accessible in
Hamburg as well, so the bulk of the work can be accomplished in Hamburg. Currently, a project application is under
consideration by the Deutsche Forschungsgemeinschaft
(DFG).

Structure determination of the
enzyme alliinase from garlic

(Bartholomeus Kuttner, 1MB lena)

Garlic owes its medical properties as well as its typical
flavour to the action of a single enzyme: alliinase or alliin
lyase. This enzyme opens the door to the various antibiotic,
antithrombotic, antiarthereosclerotic, blood pressure and
lipid level lowering but also cancerostatic and antiviral compounds (Agarwal, 1996). It is widely spread among the plants
of genus Allium, e.g. onion, shallot, leek, garlic and others. It is
stored in vacuoles and thereby separated from its substrate
alliin, a sulfoxide derivative of cysteine, which resides mainly
in the cytosol. Thus, the alliinase catalyzed C-S-Iyase reaction
only takes place when the cell walls are injured by chopping
or crushing the bulb.
In a project funded by the Deutsche Forschungsgemeinschaft
(DFG), we have succeeded to purify the enzyme from its natural source to homogeneity, crystallize it in four different
crystal forms (Kuttner et 01., 2002a), and finally determine
the three-dimensional structure of the enzyme to high resolution in one of the crystal forms (Kuettner et 01., 2002b).The
structure of alliinase resembles the typical S-shape of PLPclass I enzymes (see Figure). It is built up of three domains:
the N-terminal, central and C-terminal domain. The N-terminal domain contains an EGF-like structure with a unique
disulfide bridge pattern not yet found in other proteins. The
large central and cofactor binding domain is built up of a
seven-stranded
flanked by a-helices at the inner
face. The smaller C-terminal domain contains a four-stranded antiparallel
surrounded by a-helices.
In the active site of the enzyme, the cofactor PLP is covalently bound to the amino acid Lys25I. Also, the electron
density suggests the presence of an aminoacrylate moiety
bound to PLR thus forming a geminal diamin.The situation is
further complicated by the presence of a HEPES buffer molecule in approximately 50% of the active sites in the crystal.
Nevertheless, it was possible to model the real substrate
(+)-alliin into the active site, and propose a model for the
preference of the enzyme for (+)-alliin over (-)-alliin
(Kuttner et 01., 2002).

Figure I. Three-dimensional structure
dimer. The view is down the twofold axis.

of the garlic alliinase

A large part of this work has been carried at the Institute of
Molecular Biotechnology (1MB) in Jena.
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Kuettner, E.B., Hilgenfeld, R. & Weiss, M.S. (2002).
Purification, characterization, and crystallization of alliinase
from garlic. Arch. Biochem. Biophys., 402, 192-200

Agarwal, K.C. (1996). Therapeutic actions of garlic constituents. Med. Res. Rev., 16, I I 1-124

Kuettner, E.B., Hilgenfeld, R., & Weiss M.S. (2002). Erratum
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Structure (Camb), 9,771-777
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Our research focuses on mammalian skeletal muscle and
heart development, using the mouse as a mammalian model
system. We search for common genetic pathways that control patterning during development and disease in these tissues, to understand the molecular biology of age-related
pathologies. The relatively long mammalian life span is prefaced on processes that mend damaged muscles, repair broken bones, renew injured skin, replenish old blood, and
restructure new vessels. Flies and nematodes, those experimental paradigms of embryonic development, cannot regenerate their adult tissues, and die once the original cells have
run their course. Despite inevitable physiological changes,
mammalian tissues are relatively resilient to age because they
can rebuild themselves, recapitulating their original body
plans. Regeneration in mammals has been elucidated by
recent studies demonstrating the homing of stem cells from
a variety of tissue sources, perhaps set aside during gestation, which are called into regenerative service at distal sites
of injury and subsequently differentiate into multiple tissue
types. The low percentage of stem cell repopulation
observed in injured tissues argues against rebuilding of entire
organs by exogenous stem cell administration, however
Other mechanisms at work in the normal regeneration
process may be more successfully harnessed to increase the
efficiency of stem cell-mediated repair.

Mechanisms of muscle regeneration

(collaboration with Antonio Musaro)

Skeletal muscle regeneration involves the activation of quiescent satellite cells, which participate in the reconstitution
of damaged tissues.While the sequence of events involved in
the regenerative process of skeletal muscle is well documented, the capacity for self-renewal of the satellite cell population is debated. Historically, satellite cells have been considered the only stem cell compartment of adult skeletal
muscle. However recent studies have identified another
source of muscle stem cells, originating from the bone marrow, which can home to various tissues, differentiating into
multiple cell types, including muscle. Although in lethally irradiated mice, bone marrow-derived stem cells replenish the
depleted satellite cell pool and subsequently incorporate
effectively into exercised skeletal muscle, less is known about
the ability of stem cells to ameliorate muscle damage under
more clinically relevant conditions. It is becoming increasingly clear that the poor recruitment of circulating stem cells is
one of the limiting factors for normal tissue repair. Further

intervention may be necessary to fully exploit the body's
endogenous regenerative capacities.
We tested the hypothesis that local supplementation of
mIGF-I, a local isoform of insulin-like growth factor-I
already implicated in normal injury response, enhances
regeneration by recruitment of circulating stem cells. We
previously found that post-mitotic expression of mIGF-1 in
skeletal muscle cultures induces myocyte hypertrophy
through a signal transduction pathway that activates novel
gene expression programs. As a muscle-specific transgene
or vi rally delivered expression vector, mIGF-1 increases mass
and strength of post-natal muscle, preserves muscle architecture and promotes age-independent regeneration High
levels of mIGF-1 transgene expression in the mdx mouse
model of muscular dystrophy also preserves muscle function
in the absence of dystrophin, inducing significant hypertrophy
and hyperplasia at all ages observed, reducing fibrosis and
myonecrosis, and elevating signaling pathways associated
with muscle survival and regeneration.
The effects of mIGF-1 on the enhancement of stem cellmediated muscle regeneration included elevated numbers of
marked bone marrow stem cells at sites of muscle injury in
lethally irradiated transgenic mice. Muscle injury expanded
the stem cell compartment in the bone marrow, and
increased stem cell markers at sites of muscle damage,
where these cells co-expressed markers of myogenic commitment. When isolated from regenerating mIGF-1 muscles
these cells exhibited accelerated myogenic differentiation in
culture, and readily induced muscle-specific markers in a subset of co-cultured bone marrow cells,
These data implicating mIGF-1 as an important mediator of
the regeneration response, enhancing the recruitment of
bone marrow cells to sites of tissue damage. Injury stimulates the mobilization of uncommitted stem cells in the bone
marrow, which home to the injured muscle and proceed
stepwise towards myogenic differentiation (Figure I).
Although the molecules by which muscle and bone marrow
communicate are not yet known, it is possible that chemoattractive signals, such as those responsible for metastatic
tumour cells, may act similarly in skeletal muscle to attract
circulating stem cells. Preliminary evidence from transcriptome analyses of injured muscles supports this scenario, and
suggests that the mIGF-1 augments the chemoattractive
response.
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According to this model, the progressive loss of bone marrow markers occurs when circulating cells enter the muscle
environment, where they activate the expression of factors
involved in myogenic commitment and ultimately differentiation and fusion into functional myocytes. The mechanism is
enhanced at every level by supplementary mIGF-I, and can
be recapitulated in vitro, suggesting that the enhanced regenerative response to traumatic as well as chronic injury in the
mIGF-1 transgenic animals is an inherent property of the
hypertrophic muscle cells. Ongoing comparative gene
expression analysis of the response to the mIGF-1 isoform
will shed further light on the signals underlying its powerful
enhancement of muscle regeneration.

Regeneration of the injured heart

above) led us to investigate whether a similar population of
stem cells might be coerced to enter the injured zone of an
infracted heart, drawn to the site of injury by supplemental
mIGF-1 expression.
This possibility is currently being tested in transgenic mice
carrying the mIGF-1 isoform driven by a cardiac specific
promoter. The hearts of these animals are normal at birth,
but increase in cell number and size within the first week of
postnatal life, specifically in left in ventricular mass, compared
to their nontransgenic Iittermates (Figure 2). The mIGF-1
transgenic hearts function normally throughout life, expressing markers of physiologic rather than pathologic hypertrophy, and preliminary studies indicate that they have an
improved response to cardiac infarction. We have identified

(Maria Paola Santini)

a resident population of cardiac stem cells in these animals,

The heart is particularly ill-equipped to deal with injury. As
in all tissues, the sudden interruption of blood supply due to
occlusion of an artery leads quickly to cell death, loss of tissue and scar formation. Other organs are able to handle
such emergencies by launching a regenerative response
involving proliferation of local stem cells to replace or repair
the injured areas. The damaged heart needs a much more
rapid response to muscle damage, to maintain adequate
blood flow to the rest of the body. Ironically, this most critical organ is also the most mortal, since it has been widely
accepted that muscle cells of the adult heart are incapable of
self-renewal. Although recent controversial reports suggest
that proliferating cells may occasionally arise from a normally quiescent cardiac stem cell population, this level of cardiomyocyte proliferation would hardly be extensive enough
to counter the massive necrosis following a heart attack,
although it could be sufficient to repair sub-clinical lesions
following blockage of small capillaries.. To be clinically effective, the' enhancement ofcardiomyocyte proliferation in the
injured heart must be both rapid and sustained, requiring a
much deeper understanding of the inductive mechanisms
involved, and the natural obstacles that exist to limit this
process. The increased migration of circulating stem cells to
injured skeletal muscle expressing an mIGF-1 transgene (see

which may improve the regenerative capacity of the injured
myocardium. Current studies are aimed at characterizing the
proliferative properties of cardiomyocytes from these animals, assessing potential chemotactic mechanisms underlying
recruitment of stem cells to the injured heart, and generating inducible mIGF-1 transgenes to provide more clinically
relevant therapeutic models.

The importance of isoforms
(Nadine Winn, Angelika Paul)

The function of the proteins encoded by different IGF-I
transcripts is widely debated and a cohesive picture has yet
to emerge. Two major IGF-I transcr.ipts are characterized:
the locally acting isoform with an autocrine/paracrine action,
and the circulating, endocrine isoform. The fact that IGF-I
can act either as a circulating hormone' or as a local growth
factor has confounded analyses of animal models in which
transgenic IGF synthesized in extra-hepatic tissues was
released into the circulation. Promising as IGF-I might be as
a protective factor, other evidence also supports its involvement in mitogenesis and neoplastic transformation, suggesting that at least some IGF-I mediated signaling pathways play
an important role in the process of tumor promotion.
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Figure 2. Increase in muscle mass of m/GF- I transgenic hearts. Paraffin sections of I week postnatal hearts from mice over-expressing a cardiomyocyte-specific m/GF- I transgene (right) or a non-transgenic sib (feft). The increased heart size is not correlated to an
increase in body weight, indicating that m/GF- I is acting only in the heart in an autocrine or paracrine manner, without perturbating
the equilibrium of other tissues.

Surprisingly, a systematic comparison of IGF-I isoforms has
not been undertaken in vivo. We are currently undertaking a
comprehensive characterization of IGF-I isoforms and their
distribution during aging, regeneration and disease at the
transcript level, as a first step towards exploiting the specific functions of different isoforms in the treatment of muscle
disorders. We have documented variation in IGF-I isoform
expression that likely reflects an underlying complexity in
IGF-I action. Additional research using conditional transgenic and knockout approaches will elucidate the specific signaling functions of the characteristic N- and C- terminal peptide sequences distinguishing IGF-I isoforms, and will test
their role in autocrine versus endocrine responses.

Publications during the year
Barton, E.R., Morris, L., Musaro,A., Rosenthal, N. & Sweeney,
H.L. (2002). Muscle-specific expression of insulin-like
growth factor I counters muscle decline in mdx mice. J. Cell
BioI., 157, 137-148
Grounds M.D., White J.D., Rosenthal N. & Bogoyevitch M.A.
(2002). The role of stem cells in skeletal ancardiac muscle
repair. J. Histochem. Cytochem., 50, 589-610
Jiang,

Gu, G., Sionimsky, E., Li, E. & Rosenthal, N.

(2002). Targeted deletion of the MLC If/3f downstream
enhancer results in precocious MLC expression and mesoderm ablation. Dev. BioI., 243, 281-293
Paul,A.C. & Rosenthal, N. (2002). Different modes of hypertrophy in skeletal muscle fibers. J. Cell BioI., 156,75 1-760

We are also exploring the function of multiple isoforms
encoding the calcineurins, a family of calcium-activated serine phosphatases implicated in T lymphocyte signaling and
more recently, in cardiocyte hypertrophy.We have previously elucidated of a novel calcineurin-mediated signaling pathway contributing to the hypertrophic action of mIGF-1 in
skeletal myocytes, and have documented changes in calcineurin isoform distribution in regenerating tissues. These
preliminary results suggest that the range of calcineurin
actions may be explained by diversity in isoform signal
responsiveness or substrate specificity. Gain- and loss-offunction approaches are currently being applied to test the
roles of calcineurin isoforms in skeletal and cardiac muscle
hypertrophy and repair.

Rosenthal, N. & Ashburner, M. (2002). Taking stock of our
models: the function and future of stock centres. Nat Rev
Genet, 3,711-717
Rosenthal, N. & Musaro,A. (2002). Gene therapy for cardiac
cachexia? Int. J. Cardiol., 85, 185-191

Other references
Musaro,A. & Rosenthal, N. (2003) Myofiber specification
and survival. (in press)
Prevot,v., Rio, C., Cho, G.J., Lomniczi,A., Heger, S., Neville,
C.M., Rosenthal, N.A., Ojeda, S.R. & Corfas, G. (2003).
Normal female sexual development requires neuregulinerbB receptor signaling in hypothalamic astrocytes. J.
Neurosci., 23, 230-239
Rosenthal, N. (2003). Machinations of the marrow.J. Clin.
Invest., I I I, 29-30
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The structural integrity of the nervous system is controlled
by various signals that are in part transduced by transmembrane receptor tyrosine kinases. We are focused on signals
elicited by the neurotrophins, which are a family of polypeptide growth factors that use specific receptor tyrosine kinases (the Trk family) to exert their diverse functions in the
developing and the mature nervous system. Specifically,
nerve growth factor (NGF) is the preferred ligand for TrkA,
brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4) both bind TrkB, and neurotrophin-3
(NT3) shows high affinity for TrkC, although is also able to
signal through TrkA and TrkB. Studies of mice carrying gene
deletion of either neurotrophins or Trk receptors have
demonstrated that the neurotrophin/Trk signaling system is
required for the survival of different populations of peripheral neurons during development. In the central nervous system neurotrophins support survival and differentiation of
selected neuron populations in a partially redundant manner.
Moreover, in the mature nervous system, neurotrophins can
modulate synaptic plasticity. In particular, in bdnf null mutant
and trkB conditional mutant mice, long-term potentiation in
the CA3-CA I hippocampal region is impaired. Finally, the
forebrain-specific knockout of trkB results also in compromised learning ability. Much of our work during 2002 has
focussed on studying mechanisms of action ofTrk receptors
in the mouse nervous system. Our major effort is to correlate the biological functions of neurotrophins with signal
transduction events (see sections below).

Mechanism ofTrkB-mediated hippocampal synaptic plasticity
The storage of information in the brain during learning and
memory requires persistent alterations in the strength of
synaptic transmission, a property best known as synaptic
plasticity. A widely studied form of synaptic plasticity is longterm potentiation (LTP). LTP is defined as a lasting (hours to
days) increase in synaptic strength induced by brief high-frequency electrical stimulation of afferent fibers or by coincident activation of pre- and postsynaptic neurons. The hippocampus of vertebrates is the brain area where LTP has
been studied most extensively. Two main forms can be distinguished: an early form (E-LTP), which is transient and independent of new protein synthesis, and a long lasting form (LLTP), which requires new gene transcription.TrkB receptors

have been genetically identified as required for the strengthening of LTP and learning ability. Likewise, several signaling
systems, including calcium/calmodulin-activated kinases,
Ras/MAPK, and calcium-sensitive adenylate cyclase/cAMP
pathways, have been implicated in LTP formation. Activation
of these signal transduction cascades amplifies the calcium
signal and carries it to the nucleus, where it mediates the
activation of transcription factors, such as cAM P response
element-binding protein (CREB), which induce gene expression and thereby long-lasting synaptic changes. Intracellular
signaling of activated TrkB is mediated by recruitment of
adaptor proteins that activate well-known signaling cascades
like the Ras/MAPK pathway and the phosphoinositide 3
kinase pathway (primarily through binding of Shc/FRS-2 to
the juxtamembrane phosphotyrosine 515). Furthermore, the
association of phospholipase C-y (PLC-y) with activated TrkB
(through phosphotyrosine 816) potentially upregulates intracellular Ca2+ levels and activates the calcium/calmodulin
kinase pathway. Both the Ras/MAPK and the calcium/calmodulin-activated kinase pathways are thought to activate CREB.
However, lack of genetic evidence has precluded definitive
conclusions regarding the contribution of each pathway for
hippocampal LTP mediated byTrkB.To investigate the mechanism of TrkB action in LTP function, and to dissect the signaling pathways responsible for CREB activation, we have
chosen an approach that combines sophisticated genetic
tools allowing interfering with single phosphorylation sites
on a large receptor protein [by generating mice with a targeted mutation in the PLCy docking site ofTrkB (trkBPLC/PLC
mice) or in the Shc site ofTrkB receptor (trkBSHC/SHC mice)]
with biochemical and electrophysiological approaches. This
provided us with a relatively clean way to tease out specific
roles of the various Signaling players involved in TrkBdependent synaptic plasticity. Our study implicates the
PLCy/CaM kinase/CREB pathway/s in both early and longlasting forms of LTR which require TrkB signaling. In contrast,
suppression of the Shc/Ras/MAPK pathway in trkBsHC/SHC
mutants had no effect on hippocampal
Together, these
results suggest that the Ras/MAPK and PLC/CREB pathways
act in parallel downstream of TrkB, and they demonstrate
that the PLCy docking site of TrkB is necessary for hippocampal synaptic plasticity. (Minichiello et 01., 2002)
To further dissect the mechanisms by which Trks regulate
the diverse neuronal responses we are now focused on
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downstream effectors induced by Trks activation using both
the microarray and proteomics approach.

Differential regulation of neuronal
survival and target innervation
downstream Trk receptors
The intracellular signaling pathways activated by Trk receptors, that promote in vivo neuronal survival and target innervation, are not well understood. In order to compare signaling through two Trk receptors in vivo, we have previously
generated mice with a germline mutation in the Shc site in
the juxtamembrane region of the TrkC receptor (trkCshc
mice), and compared these to mice with a similar point
mutation in the TrkB receptor (trkBshc mice). We found that
TrkB and TrkC promote survival of sensory neurons mainly
through Shc site-independent pathways, suggesting that
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Immunohistochemical evidence of seizure-induced activation of trkB receptors in the mossy fiber pathway of adult
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these receptors use similar pathways to prevent apoptosis.
In contrast, the regulation of target innervation appears different: in trkBshc mice neurons lose target innervation,
whereas in trkCshc mice the surviving TrkC-dependent neurons maintain target innervation and function. Our findings
demonstrate that while TrkB and TrkC signals mediating survival are largely similar, TrkB and TrkC signals required for
maintenance of target innervation in vivo are regulated by
distinct mechanisms (Postigo et 01., 2002).
We are continuing this study in order to identify the molecular basis for this functional difference. It appears to be that
the Shc site in TrkB (but not TrkC) negatively regulates the
activity of the receptor tyrosine kinase. Our purpose is to
identify the structural domains ofTrkB and TrkC responsible
for this functional difference (work in progress).

Postigo, A., Calella,A.M., Fritzsch, B., Knipper, M., Katz, D.,
Eilers,A., Schimmang,T., Lewin, G.R., Klein, R. & Minichiello,
L. (2002). Distinct requirements for TrkB and TrkC signaling
in target innervation by sensory neurons. Genes Dev., 16,
633-645
Vyssotski,A.L., Dell'Omo, G., Poletaeva, I.I.,Vyssotsk, D.L.,
Minichiello, L., Klein, R., Wolfer,
& Lipp,
(2002).
Long-term monitoring of hippocampus-dependent behavior
in naturalistic settings: mutant mice lacking neurotrophin
receptor TrkB in the forebrain show spatial learning but
impaired behavioral flexibility. Hippocampus, 12,27-38
Zhang, S.Q.,Tsiaras,W.G., Araki,T.,Wen, G., Minichiello, L.,
Klein, R. & Neel, B.G. (2002). Receptor-specific regulation of
phosphatidylinositol 3'-kinase activation by the protein
tyrosine phosphatase Shp2. Mol. Cell. BioI., 22, 4062-4072
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The mammalian organism contains more than 200 different
cell types, each of which executes a specific gene expression
program in order to perform its specialised functions. These
gene expression patterns are controlled by transcription factors that regulate not only the genes important for the function of terminally differentiated cells, but also the processes
by which the diverse cell populations are generated and
maintained throughout the life of the organism. An important category of transcription factors are those able to
direct cellular differentiation along a particular cell lineage:
when activated in an appropriate precursor cell they induce
the formation of a specific terminally differentiated cell type,
often in conjunction with other transcription factors present
in the progenitor cell. In the hematopoietic system, such lineage-instructive transcription factors include PU.I (which
commits multipotent hematopoietic cells to the myeloid lineage) and C/EBPa (which can instruct progenitor cells to differentiate into neutrophil granulocytes or eosinophils,

depending on the progenitor cell type) (see Nerlov and Graf,
1998; Nerlov et al., I 998).We are interested in the molecular mechanisms by which such lineage-instructive transcription factors act, through gene activation and protein-protein
interaction, to exert their functions, and how disruption of
these functions may contribute to malignant disease.

Leukemia in mice with mutations in
the C/EBPa transcription factor
Acute myeloid leukemia is a malignant disease of the
hematopoietic system in which cells of one of the myeloid
lineages (erythrocytes, megakaryocytes, granulocytes, monocytes/macrophages) accumulate in an undifferentiated state
due to accumulation of mutations that prevent their normal
differentiation and allow the undifferentiated cells to survive.
Recently, mutations in lineage-instructive genes (PU.I,
GATA-I, C/EBPa) have been observed in human acute

Figure I. The upper panel shows normal bone marrow from a

wildtypeomouse. Differentiated neutrophil granulocytes are present

at normal level (35-40% of nucleated cells; one indicated by
arrow). The lower panel shows leukemic bone marrow from a
BRM2 mouse, with lack of differentiated granulocytes, but high
levels of immature granulocytic cells (indicated by arrow).
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myeloid leukemia (AML) patients, suggesting that interfering
with their function contributes to AML. Interestingly, the
most common C/EBPa mutation is one that specifically
interferes with translation of the longest of two forms of
C/EBPa found in cells. This form, p42, has growth inhibitory
properties due to its ability to repress the E2F complex of
cell cycle promoting transcription factors (Porse et al., 200 I).
The shorter form, p30, is unaffected by the mutations in AML
patients, but has no E2F repressing capacity. This suggested
that E2F repression was an important anti-leukemogenic
property of C/EBPa. We therefore investigated whether
mice containing point mutations in the DNA binding basic
region of the C/EBPa protein, which block C/EBPa-E2F
interaction without interfering, with DNA binding (basic
region mutant 2 or BRM2; Porse et al., 200 I,) were prone to
development of leukemia. We found that 20% of mice
homozygous for such a mutation developed AML within 3-9

months (Figure I; Porse et al., submitted). Another 60%
developed a granulocytic hyperproliferative syndrome.These
results show that C/EBPa is an important regulator of granulocyte differentiation in vivo through its ability to repress
E2F activity, and that loss of this function is sufficient to initiate leukemia formation. Consistent with these results, we
find that mice engineered to express only the p30 form of
C/EBPa have a phenotype similar to the BRM2 homozygous
mice (M. Schuster and C. Nerlov, unpublished). Since p30 still
contains the chromatin remodelling complex interaction
domain required for activation of myeloid-specific genes
(Pedersen et al., 200 I), and since the p30/p42 ratio is regulated by extracellular signaling, these results suggest that
regulating E2F activity in cells by modification of the C/EBPa
p30/p42 ratio may be used to control proliferation while
maintaining proper differentiation.
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Cells have the ability to respond to changes in the environment by modifying their gene expression profile. Signalling
pathways that get activated in response to extracellular stimuli and lead to transcription regulation are critical for this
process. Amongst numerous signalling pathways, the NF-KB
pathway is unique in its unusual and rapid mechanism of activation, the wide variety of stimuli leading to its induction and
the large number of genes it regulates. In mammals the NFKB family of transcription factors consists of five members,
p6S/ReIA, pSO, pS2, c-Rel and ReIB. In resting cells, homo- or
heterodimers of NF-KB factors are kept inactive in the cytoplasm by association with inhibitory proteins belonging to
the IKB family. Upon cell exposure to a variety of stimuli, IKB
proteins get rapidly phosphorylated and subsequently
polyubuiqitinated and degraded by the proteasome, thus liberating NF-KB that then accumulates into the nucleus and
activates gene transcription. The inducible phosphorylation
of IKB is mediated by the IkB kinase complex, which consists
of the IKK I and IKK2 (or IKKa and
catalytic subunits
and a regulatory subunit called NF-KB essential modulator
(NEMO) or IKKy (reviewed in (Karin and Ben-Neriah, 2000).
The NF-KB signalling pathway functions in essentially all cell
types and is activated in response to injury, infection, inflammation and other stressful situations requiring rapid reprogramming of gene expression. For this reason, NF-KB has
been implicated in the pathogenesis of several diseases. To
elucidate the function of the NF-KB signalling pathway in
normal physiology and in disease pathogenesis, we are using
gene targeting in mice to manipulate NF-KB activation in vivo.
Since mice lacking critical subunits of the NF-KB pathway die
during embryogenesis, in these studies we employ Cre/loxP
mediated conditional gene targeting, which allows the cell
specific and/or inducible inactivation of genes in the mouse.
This system is based on the ability of the bacteriophage P1derived site-specific recombinase Cre to excise from the
mammalian genome any sequences that are flanked by
tandemly arranged short recognition sequences called loxP
sites. By using homologous recombination in mouse embryonic stem cells it is possible to generate mice carrying loxPflanked (floxed) alleles that are fully functional, but are rapidly inactivated upon expression of Cre recombinase. Mice
carrying such floxed alleles are then crossed to transgenic
mice expressing Cre under the control of tissue specific promoters in order to inactivate the respective gene in specific
cell types.
- - - - - - - - - - - - - - - - - - - - - - - - - 321

The IKK2 and NEMO subunits of the IKK complex are critical for NF-KB activation by proinflammatory signals. We
have previously shown that mice lacking NEMO die during
embryogenesis due to massive liver degeneration caused by
TNF-induced death of hepatocytes (Schmidt-Supprian et al.,
2000). Since the gene encoding NEMO is located on the Xchromosome, due to random X-inactivation heterozygous
NEMO knockout females display mosaic distribution of
NEMO-containing and NEMO-deficient cells. These females
display a dramatic inflammatory skin phenotype characterised by transient patchy skin lesions that develop in the
first postnatal days. Interestingly, mutations in the human
NEMO gene cause incontinentia pigmenti (IP), a rare genetic disease that is characterised by male embryonic lethality
and the development of transient inflammatory skin lesions
in heterozygous females (Smahi et al., 2000). The mosaic
expression of NEMO has been proposed to trigger the skin
lesions in
To further investigate the mechanisms involved
in the pathogenesis of the skin disease in IP we are currently using a K 14-Cre transgenic mouse expressing Cre recombinase specifically in epidermal keratinocytes to delete
NEMO in the epidermis. In these studies we aim to investigate if deletion of NEMO only in the epidermis is sufficient
to trigger the skin lesions observed in IP patients and in heterozygous NEMO knockout mice. In addition, by using either
male mice carrying only one NEMO floxed allele or heterozygous females carrying one floxed and one wild-type
NEMO allele we aim to investigate whether skin inflammation is triggered by the mosaic expression of NEMO in the
epidermis.
We have recently used the epidermis-specific deletion of
IKK2 in order to investigate the function of IKK2-mediated
NF-KB activation in the epidermis (Pasparakis et al., 2002a).
Mice lacking IKK2 specifically in epidermal keratinocytes are
born normal but shortly after birth they develop a dramatic
inflammatory skin phenotype and die before postnatal day
10. This skin disease is characterised by epidermal hyperplasia due to increased keratinocyte proliferation and byabnormal expression of epidermal differentiation markers.
However, ex vivo cultured primary IKK2-deficient keratinocytes do not display differentiation defects and, most
surprisingly, show reduced rather than increased proliferation, suggesting that the skin lesions are not caused by cellautonomous hyperproliferation or defective differentiation
of IKK2 knockout keratinocytes. Subsequent analysis of the
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inflammatory response in the skin of these mice showed the
presence of numerous immune cells including T cells,
macrophages and granulocytes in addition to the expression
of various chemokines and inflammatory cytokines such as
interleukin-I (IL-I) and tumour necrosis factor (TNF).
Genetic inactivation ofTNF signalling by crossing mice with
epidermis-specific deletion of IKK2 to mice lacking TNF
receptor I (TNFRI) neutralised the inflammatory skin phenotype demonstrating that the skin lesions in these mice are
caused by a TNF-dependent inflammatory response. These
results suggest that the primary role NF-KB activation in the
epidermis is not to control proliferation and differentiation
of keratinocytes, as was previously thought (Kaufman and
Fuchs, 2000), but to regulate mechanisms that are critical for
the maintenance of immune homeostasis in the skin.The skin
phenotype of mice with epidermis specific IKK2 deletion is
reminiscent of the skin lesions in human psoriasis patients.
Interestingly, recent clinical trials showed that neutralisation
of TNF function is effective in the treatment of human psoriasis (Mease, 2002), suggesting that similar mechanisms may
be responsible for the pathogenesis of inflammatory skin
lesions in human psoriasis patients and in mice lacking IKK2
in epidermal keratinocytes.

NF-KB activation is important for various stages of lymphocyte development and function. We have recently used Blymphocyte restricted deletion of IKK2 and NEMO to study
the function of these two subunits of the IKK complex in B
cell physiology (Pasparakis et al., 2002b). Mice lacking IKK2
or NEMO in B cells showed a reduction in peripheral B cell
numbers and increased turnover rates of peripheral B cells.
These experiments demonstrated that mature B-Iymphocytes have a cell-autonomous requirement for IKK-mediated
NF-KB signalling for their survival and that this IKK activity
depends on the presence of both IKK2 and NEMO.
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In addition to its role in skin inflammation and lymphocyte
development, NF-KB is implicated in various inflammatory
and degenerative diseases of the central nervous system
(CNS) such as multiple sclerosis (MS) and Alzheimer's disease. To investigate the function of NF-KB activation in the
CNS we are using a collection of Cre transgenic mouse lines
to inactivate IKK2 and NEMO in specific cell types of the
brain, including neurons, oligodendrocytes, astrocytes and
microglia. By employing relevant mouse disease models, such
as experimental allergic encephalomyelitis, we aim to elucidate the role of cell-specific activation in the pathogenesis of
inflammatory disorders of the CNS.

Schmidt-Supprian, M., Bloch, w., Courtois, G., Addicks, K.,
Israel, A., Raj ews ky, K. & Pasparakis, M. (2000). NEMO/IKK
gamma-deficient mice model incontinentia pigmenti. Mol. Cell,
5,981-992
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S., Heuertz, S.,
Munnich, A., Israel, A., Heiss, N.S., Klauck, S.M., Kioschis,
Wiemann, S., Poustka, A., Esposito, T., Bardaro, T.,
Gianfrancesco, E, Ciccodicola, A., D'Urso, M., Woffendin, H.,
Jakins, T, Donnai, D., Stewart, H., Kenwrick, S.J., Aradhya, S.,
Yamagata, T., Levy, M., Lewis, R.A. & Nelson, D.L. (2000).
Genomic rearrangement in NEMO impairs NF-kappaB activation and is a cause of incontinentia pigmenti. The
International Incontinentia Pigmenti (IP) Consortium. Nature,
405,466-472
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The actin cytoskeleton is intimately involved in regulating cell
motility, membrane trafficking, cell polarity, and signal transduction. How the actin cytoskeleton participates in these
processes is a fundamental question in cell biology. Motile
activities such as pseudopod extension and leading edge progression in a cell is tightly linked to localized actin polymerization as well as membrane delivery to the cortex of the
cell. Identification of proteins which in vitro regulate actin filament length, de novo polymerization and network formation
led to the current concept of actin binding proteins being
the key regulatory factors for actin dynamics in the cell.
However, in the past years, we have learned that actin binding proteins have a much broader spectrum of functions than
simply regulating actin polymerization. These novel functions
of actin binding proteins were revealed by proteomics and
mouse genetic. Our group has focused on two families of
actin binding proteins termed G-actin binding proteins and
actin depolymerizing factors.The most interesting molecules
of these families are the profilins and ADF/cofilin. In mouse
there are at least three profilin genes with different expression pattern and distinct cellular functions. We have shown
that profilin I is essential for cytokinesis, while profilin 2 has
a function in regulating membrane trafficking/endocytosis
and neurotransmitter release in neurons. The role of profilin
3 has not been elucidated yet. Similar to the profilins, actin
depolymerizing factors appear to fulfill additional functions in
cell signaling and cell cycle control. In mouse there are three
ADF/cofilin isoforms expressed. The non muscle cofilin (ncofilin) is ubiquitously expressed in tissues, while m-cofilin is
muscle specific and Actin Depolymerizing Factor (ADF)
expressed in uterus and stomach. Mouse genetics and conditional mutagenesis is used to elucidate the cell type specific functions of all these proteins and cell biological methods
are employed to reveal the molecular mechanisms which
ultimately cause physiological alterations in the mutant mice.

Derailed membrane turnover leads
to neurological disorders - profilin 2,
a brake for neurotransmitter release
(A/essia Di Nardo, Ralph Gareus, Pietro Pilo-Boyl,
Ekaterina Salimova)

Even though profilin 2 is biochemically and structurally similar to the ubiquitous profilin I, both isoforms have different
cellular functions in mouse. Profilin I is essential for cytokinesis and mutant embryos die during the first cleavages of
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the zygote (Witke et 01., 200 I). Profilin 2 is expressed only in
neuronal cells (Figure I), and in collaboration with Matthias
Mann's Group we have identified dynamin I, POP-I 30,
synapsin, ROCK (rho-dependend coiled-coil kinase), and a
number of other proteins as profilin 2 specific ligands (Witke
et 01., 1998). Further work by Ralph Gareus showed that profilin 2 regulates dynamin I by competing for binding of activators such as amphiphysin and endophilin. Thereby, profilin
2 normally controls dynamin I dependent endocytosis
(Gareus et 01., submitted).
These findings were further supported by our genetic analysis of profilin 2 function in mouse. Null mice for profilin 2
show severe behavioral impairments resembling a hyperdopamineric phenotype. Mutant mice are hyperactive and
show reduced anxiety. Our analysis on the molecular mechanisms for the altered behavior shows that neurotransmitter
homeostasis is disturbed due to continuous leakage of
dopamine from neurons. Basically, neurons from profilin 2
null mice show an uncontrolled increase in synaptic vesicle
recycling (Di Nardo et 01., submitted).
Although it had been previously suggested by a number of
reports that the actin cytoskeleton is playing an important
role for membrane trafficking, our findings provide evidence
for such a link between profilin 2, the actin cytoskeleton and
the membrane in neuronal cells.
Since the phenotype of profilin 2 null mice resembles known
human neurological disorders such as ADHS (attention
deficit hyperactivity syndrome) or obsessive-compulsive disorder, we initiated a search for loss of function or point
mutations in profilin 2 in patients with these symptomes.We
hope to identify profilin 2 point mutations which affect binding of specific ligands leading to the disease symptoms. The
point mutations will then be further studied in animal models.

Are profilin I and profilin 2
redundant molecules?
(Agnieszka Sadowska,jim Sutherland)

Which activities of profilin determine their role in mouse
physiology - actin binding, or ligand binding, and why have
mammals evolved a neuronal isoform? Both, profilin I and
profilin 2 bind actin and a certain threshold level might be
required for proper regulation of actin polymerization in the
cell.We are combining the profilin 2 mutation with the pro-
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filin I mutation in order to generate double mutants with a
further decreased level of profilin expression in order to
address this question. Furthermore, we are in the process of
swapping the coding region of profilin I and profilin 2 in the
respective gene. This will tell us whether other functions
beside actin binding are necessary or sufficient to functionally replace profilins.

destabilizes actin filaments and induces rapid depolymerization required for rearranging the actin cytoskeleton in motile
cells. It has also been shown that cofilin can shuttle between
the cytoplasm and the nucleus, however a function for cofilin in the nucleus has not been assigned yet.
Cofilin is highly expressed in all cell types and therefore is a
prime candidate for the general actin depolymerizing activi-

Is profilin 3 a sperm specific isoform?

ty in cells. We have started to examine the in vivo role of n-

(Denise Sofia)

cofilin and ADF (actin depolymerizing factor). Our expres-

Recently, a third profilin isoform has been identified in mouse
kidney and testis. Preliminary work in our lab has shown that
profilin 3 is highly expressed in maturing spermatocytes. This
is an intriguing finding since early reports from the I 970s had
highlighted a role of profilin in the acrosomal process of
sperm cells from echinoderms. This raises the possibility that
profilin 3 might be the sperm specific isoform involved in
maturation or/and the acrosomal process. We are currently
generating tools to analyze the role of profilin 3 in mouse
sperm cells.

sion studies in mouse tissues and developing embryos suggest that ADF/cofilin have cell specific functions. N-cofilin is
expressed throughout development and particularly high levels can be found in brain while m-cofilin is specifically
expressed in muscle tissue (Figure 2). The onset of ADF
expression is postnatal in stomach and gut. We have successfully generated mutant mice for n-cofilin as well as for
ADF. Surprisingly n-cofilin is dispensable during early mouse
development and gastrulation. However, n-cofilin is essential
for cell type specific proliferation during neuronal develop-

Cofilin and ADF - small actin
depolymerizing factors are essential
for cell proliferation

ment, for endothelium formation, and for muscle differentiation. N-cofilin mutant embryos die around midgestation
because of the proliferation defects. Our results suggest a

(Christine Gurniak)

function of n-cofilin mainly in cell cycle regulation (Gurniak

ADF/cofilin are gelsolin related actin filament severing proteins in terms of three dimensional structure. ADF/cofilin

progress.
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et al., submitted). Analysis of the ADF mouse mutants are in
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Figure I. Profilin 2 expression in the mouse brain. In situ hybridization of embryo (A) and brain section (B,C) using profilin 2 antisense
RNA as a probe or profilin 2 specific antibodies (ab3003). Profilin 2 is preferentially expressed in the hippocampus, the olfactory bulbs

and the cerebellum.
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Figure 2. Failure of neural tube closure in n-cofilin mutant mice. At e I 0.5 severe developmental defects are observed in mutants for
the actin binding protein n-cofilin. Among other defects, neural tube closure is clearly impaired ilJ the mutant embryos (see arrow).
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