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Wilm Group

Mass spectrometry
atEMBL

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 characterization and supported key applications.

Mass spectrol11etry in biological
research
Functional proteomics

Group Leader: Matthias Wilm
Postdoctoral Fellow: Marc Gentzel
Computer Scientist: Ponnusamy Saravanan
PhD students: Daniel Farler, Thomas
Kocher
Visitors: Carlos Fernandez-Patron, Ana
Lopez-Campistrous, Andrej Shevchenko,
Henning Urlaub

With the completion of the sequencing of large
genomes proteomics shifts more and more into the
center of the general attention. Functional proteomics,
focussing the research onto the study of protein functions, 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
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.
We continued to support applications using systematic
protein complex purifications.
2

Technical il11provel11ents for l11ass
spectrol11etric investigations
Improvement in sensitivity
The sensitivity of the analysis of a protein is limited by
the signal to noise ratio in the mass spectrum. The
ion signal must be identifiable over the noise. We
introduced last year the Fourier transform based spectrum filtering to increase the signal to noise ratio in
electrospray spectra. Via the Fourier transform it is
possible to reduce the amount of noise in electrospray
spectra acquired with a quadrupole time of flight
instrument.
Whereas protein identification is most powerful based
on electrospray tandem mass spectrometric techniques
its highest throughput is achieved with matrix assisted laser desorption (MALDI) peptide mapping.
Proteins are identified by finding in a database of protein sequences the protein whose theoretically predicted set of peptides upon enzymatic cleavage corresponds best to the measured set of peptides. With
falling amounts of protein less and less peptides are
visible in the MALDI analysis. We developed an algorithm which amplifies existing peptides in the spectrum. Peptides which are on the level of the chemical
noise in the spectrum are amplified so that automatic peak assignment methods can annotate and use
them for a database search. Even peptides which are
covered by the chemical noise and which can for this
reason not be identified in the original spectrum can
be revealed using this technique. Figure 1 demonstrates the effectiveness of the method. The signal to
noise ratio of the detected peptides is improved by a
factor of 10. Figure 2 shows that the mass accuracy is
not affected by the enhancement procedure and that
the mass resolution is only slightly decreased.
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Original

Direct protein complex characterization
with on-line capillary HPLC tandem mass
spectrometry

Spectrum

2614.27

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 aID 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 preprocess the original
dataset generated on the machine. The technology
was to find novel components in the U2 and U11j12
snRNP splicing components (Will et al., 2001)

4003.17
3040.16

Enhanced

Spectrum

When hundreds of peptides are fragmented manual
interpretation of the spectra becomes impossible. We
implemented a data processing regime which supports automatic identification of proteins. The data
processing comprises three steps: joining of fragment
spectra from identical peptides, peak centroiding and
automatic calibration of all the mass spectra.

2614.28

4003.17
3040.16

Figure 1. A MALDI spectrum before
and after enhancing the peptide peaks
with the peak enhancement
algorithm. The signal to noise ratio of
the peptide signals has been improved
by more than one order of magnitude.
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All the fragment spectra are stored consecutively in
one data file. In a first 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
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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.
The second 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. This is not only reducing the data files consid-

Original

2113.90

erably in size but is supporting the scoring algorithm
for the different peptides in the database to fish out the
correct one with a high degree of certainty, specificity
and sensitivity. The challenge was in centroiding large
peaks with hundreds of counts and very small peaks
with only a few counts in the same way. Figure 3
demonstrates the result. This close to perfect centroiding algorithm is specifically tuned to our mass
spectrometer by using a function describing the peak
width as a function of the m/z values.

Spectrum

2114.92
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Enhanced
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After processing the LC tandem mass spectrometry file
is submitted to an automatic database search. We use
the search engine Mascott (http://www.matrixscience.co.uk). Hundreds of proteins can be identified by this approach out of mixtures from an individual LC run.
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The last step is the automatic calibration of all the
spectra. 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 to
generate a linear calibration curve. The calibration
curve is than applied to all spectra in this file. The
accuracy of the data is improved from about 300 parts
per million to 30 - 60 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.

Figure 2. A peptide signal before and after
enhancement. The changes in the mass assignments
are not bigger than the error introduced by the
stepwidth of the mass data. The mass resolution
decreased slightly. In view of the considerable
improvement in signal to noise ratio this slight
decrease of resolution appears to be an acceptable
side effect.

4

Additional activity
We were able to establish a complete and very well
equipped proteomics visitor laboratory dedicated to
protein expression based proteomics (see
http://www.narrador.embl-heidelberg.de/visitor
facility Ihomepage.html).
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Figure 3. Fragment ion spectrum after resolution depending centroiding. The centroiding function considers at every m/z value the specific resolution of the mass spectrometer (Q- Toft 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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The role of
microtubule
dynamics and motors
in intracellular
organization
Group Leader: Eric Karsenti
Staff Scientists: Francois Nedelec*, Thomas
Surrey*
Scientist: Veronique Pizon
Postdoctoral fellows: Luisa Pieroni, Aspasia
Ploubidou*, Andrei Popov
PhD students: Rafael Carazo-Salas,
Maiwen Caudron*, Philipp Niethammer*,
Rebekka Valsdottir*
Technicians: Stephanie Kandels-Lewis*,
Fabrice Senger*, Heike Wilhelm*
Visitors: Veronique Bastouille, Graziella
Cappelletti, Maiwen Caudron, Sebastien
Chaub, Luana Coltella, Oleg Lerner, Patrick
Moreau, Ewa Paluch, Sigrid Reinsch,
Thierry Savin, Annina Spilker, Catherine
Tardin, Chantal Tassius, Pascale Verant,
Vignon, Hideki Yokoyama
* indicates part of year only

In interphase, microtubules form a more or less
dynamic network of fibers, usually originating at the
centrosome. They playa 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.

Regulation of lllicrotubule
dynalllics
(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 al., 2000, in the group of T. Hyman, has
8

shown that this MAP counteracts the destabilizing
effect of XKCM1, 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 XKCM1, 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 al., 2001). 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.

The role of chrolllatin in
lllicrotubule d ynalllics 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. More recently this view
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has been supported by several observations and chromosomes seem to contain a factor that stabilizes microtubules in their surrounding. This may be a phosphatase that opposes the effect of cdc2 kinase on MAPs
locally (Karsenti et al., 1991). 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 al., 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 chromosomes
during mitosis (Andersen et al., 1997). We have proven
the effect of chromatin on microtubule dynamics in
two ways. First Rafael Carazo-Salas is studying how
much and how far away the chromatin beads affect
microtubule dynamics in egg extracts. Second, in addition to regulation of microtubule dynamics, chromatin
can trigger microtubule nucleation in its vicinity in the
absence of centrosomes during mitosis. Rafael CarazoSalas, together with Giulia Guarguaglini and Oliver
Gruss from Mattaj's lab has demonstrated that this is
due to the generation of a local high concentration of
Ran GTP that in some unknown manner triggers
microtubule nucleation (Carazo-Salas et al., 1999). This
is important because this is the first demonstration of
a clear chemical effect by chromosomes on the cytoplasm that surrounds them. Rafael, in collaboration
with Mattaj's group has also shown that RanGTP stabilizes microtubules by reducing the catastrophe rate
and increasing the rescue frequency (Carazo-Salas et
al., 2001). He has also shown that RanGTP activates the
nucleating activity of centrosomes. These results are
extremely important because they show that chromo-

somes affect the directional growth of microtubules
towards chromatin 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 juste upon nuclear envelope
breakdown. Moreover, Mattaj's group has identified
the factor involved in free microtubule nucleation
around chromosomes: It is TPX2 that we had identified
previously with 1. Vernos as being a protein localized
at microtubule minus ends in the spindle and responsible for the targeting of Xklp2 to the poles of the spindle (Gruss et al., 2001). All this story is summarized in
a review (Karsenti et al., 2001).

Modelization and cOl11puter
sil11ulation of l11otor dependent
l11icrotubule organization in two
dil11ensions
(Stan Leibler, Fran<;ois 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 immunodepletion 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. Fran<;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
9

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 anti-parallel 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 (Pon) or
unbinds (Poff), concentrations, microtubule growth
and flexibility, the probability with which a motor
falls off the end of a microtubule (Poffend) and motor
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 whatever 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 to happen but a second parameter becomes a
topological switch: the absolute concentration of the
two motors (Surrey et al., 2001). Fran<;ois Nedelec has
further improved the simulations dramatically and
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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. 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 directed motor. This could be
an interaction between egS and dynein for example.

The role of 111icrotubules in
111uscle 111orphogenesis
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. We are also studying these movements.
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Bastiaens Group

The spatial
distribution of
protein activities in
cell signalling and
morphogenesis
Group Leader: Philippe Bastiaens
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Virginie Georget*, Martin Offterdinger*,
Peter Verveer*, Fred Wouters*
PhD students: Anna Peyker*, Christian
Tischer*, Ivan Yudushkin*
Visitors: Jean-Baptiste Demoulin, Virgine
Georget, Fawaz Haj, Mika Ruonala, Sandra
Schmidt

* indicates part of year only

The cell can be conceived as a biochemical information
processing device whose response to the environment
depends on the state of spatially organised networks
of protein activities. Localised protein interactions,
covalent modifications, proteolytic processing and
conformational changes are the weighted information transfer functions by which the state of these
complex molecular networks is determined. Most key
proteins that organise cell shape or transfer information within these networks operate in cycles between
on/ off states that are regulated by "flanking" activating and inhibiting protein activities. Typical examples of such proteins are the small GTPases, whose
on/ off state is determined by the activating guanine
nucleotide exchange factor (GEF) and inactivating
GTPase activating protein (GAP) activities, or receptor tyrosine kinases (RTKs), whose signalling state is
determined by the complementary tyrosine kinase
and phosphatase activities. The spatial partitioning of
these activating/ deactivating proteins in cells can
form the basis by which the cell regulates signal duration and its shape. Signal duration can be regulated by
active or passive diffusion of signalling proteins from
the site of activating to that of inactivating protein
activities, and cell shape can be organised by creating
gradients of scaffolding protein states that direct polymerisation of cytoskeletal proteins. We try to study the
complex dynamics of these inter-linked molecular
machineries of signal transduction and morphogenesis within the context of the intact cell. For this purpose
we have a research program that aims at developing
fluorescent assays that report on elemental molecular
information transfer processes such as protein interactions and covalent modifications, and quantitative
microscopic imaging methods that allow the read out
of fluorescent sensors inside complex biological objects
such as living cells.
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The layered organisation of
receptor tyrosine kinase and
protein tyrosine phosphatase
cycles in cell signalling
(Peter Verveer, Andrew Reynolds, Fred
Wouters, Fawaz Haj, Benjamin Neel,
Christian Tischer, Virginie Georget, Martin
Offterdinger, Ivan Yudushkin)
Tyrosyl phosphorylation is a key mechanism in signal
transduction of stimuli that provoke cell growth,
metabolism, differentiation and development.
Phosphotyrosines create specific recognition sites for
Src homology 2 (SH2) and phosphotyrosine-binding
(PTB) domains and therefore assist in the assembly of
multi-protein complexes that propagate the signal
from the extra- to the intracellular environment. The
level of phosphotyrosine on signalling proteins, and
thus their signalling capacity, is determined by the
balance between protein tyrosine kinases (PTK) and
protein tyrosine phosphatase (PTP) activities. The
receptor tyrosine kinase (RTK) family of receptors
contain intrinsic kinase activity that autophosphorylates the receptors on the cytoplasmic tail after ligand induced oligomerisation of the receptors. The
precise mechanism of RTK signal initiation, propagation and termination by phosphorylation, respectively dephosphorylation, is still unknown. To unveil part
of the spatio-temporal organisation of signal modulation of the RTKs in cells, we have investigated the
mechanism of activation of platelet derived growth factor receptor (PDGFR) and epidermal growth factor
receptor (EGFR) by imaging the phosphorylation of the
receptors after focal stimulation with ligand bound to
beads, and their inactivation by imaging their interaction with the prototypical protein tyrosine phosphatase PTPIB. To image the activation of receptors,
a generic quantitative protein phosphorylation fluorescence assay was used that is based on the micro-
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scopic detection of fluorescence resonance energy
transfer (FRET) between green fluorescent protein
(GFP) on any of the RTKs and Cy3 on an anti-phosphotyrosine antibody (Cy3PY72). By measuring FRET
through the GFP donor decay kinetics using fluorescence lifetime imaging microscopy (FLIM), high specificity in the signal was achieved combined with the
possibility to fully quantify the relative amount of
phosphorylated receptor at each spatially resolvable
volume element. Spreading of RTK phosphorylation in
cells after focal stimulation with ligand covalently
attached to beads showed a signalling mechanism
consisting of ligand-independent propagation of receptor activation at the plasma membrane. Protein tyrosine phosphatase (PTP) inhibitors, such as phenyl
arsine oxide and hydrogen peroxide fully activates
the RTKs in the absence of ligand within the same
time scale as growth factor activation, showing that
PTP activity maintains the receptors in the inactive
state. We also found that phosphorylation spreading
of EGFR is dependant on the density of EGF coupled
to the bead. EGF coupled to beads at low density give
rise to only local activation of receptors just below
the bead. However, these low density EGF beads can
cause lateral spreading of receptor phosphorylation in
the presence of subsaturating doses of a PTP inhibitor
whilst over expression of the hydrogen peroxide scavenging enzyme, catalase, impairs lateral phosphorylation spreading induced by high density EGF beads.
These findings let us postulate a model whereby the
ligand cross-links receptors thereby locally increasing the tyrosine kinase activity density thereby overcoming basal phosphatase activity, triggering the initiation of activation. Propagation of RTK phosphorylation at the plasma membrane then proceeds by
reversible inactivation of PTPs through oxidation of the
essential catalytic cysteinyl residue by hydrogen peroxide. This amplification mechanism thus involves a
positive feed back loop between PTP inactivation and
release of RTK activity at the plasma membrane.
Simulations of this mechanism using experimentally
determined diffusion constants and receptor densi-

Figure 1. Mechanism of EGFR activation and signal amplification at the plasma membrane and its signal termination at the surface of the
ER. Binding of ligand to the receptors concentrates the local tyrosine kinase activity thereby overcoming the PTP activity that maintain
the receptors in a dephosphorylated state. Activated receptors generate hydrogen peroxide possibly via activation of NADPH oxidase. The
hydrogen peroxide reversibly inactivates more PTPs, amplifying the signal by a positive feed back loop at the plasma membrane activating
receptors that have no bound ligand. The signal is terminated after endocytosis of the receptors by dephosphorylation of EGFR by PTP1B
on the surface of the ER.
t

ties of EGFR, show that a spreading wavefront can
encompass the whole plasma membrane within a
minute after focal stimulation. In contrast, diffusion of
individual activated receptors from the site of focal
stimulation at the bead to a point 10 f.1m distant on the
plasma membrane would take close to one hour. The
simulations also show that hydrogen peroxide production proximal to activated receptors provides an
12

integration mechanism that can sense activated receptor density and generate the positive feedback loop
that will propagate the phosphorylation wave along
the plasma membrane. Propagation of RTK activation by local PTP inhibition implies that termination of
RTK signalling by dephosphorylation happens at a
site distant from the plasma membrane. In collaboration with Benjamin Neel and Fawaz Haj at the Harvard
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Institute of Medicine, the cellular site where endoplasmic reticulum (ER)-anchored PTP1B dephosphorylates its RTK substrates was mapped by using FRETFLIM. Since the interaction between a PTP and phosphorylated tyrosyl residues is transient, a PTP1B
knock-out cell system was reconstituted with a PTP1B
D / A trapping mutant to create a high enough steadystate population of PTP1B-tyrosyl phosphate RTK
complexes to be imaged by FRET inside intact cells. By
imaging the interaction between RTK-GFP and a fluorescent labeled trapping mutant of PTP1B we provided evidence for a mechanism where RTK activation
takes place at a different membrane compartment
than signal termination. The results show that RTK
dephosphorylation occurs after receptor endocytosis
by interaction of the phosphorylated RTKs in endosomes with PTP1B at the surface of the ER (Figure 1).

Single lllolecule illlaging in RTK
activation.
(Christian Tischer, Ernst-Ludwig Florin)
In collaboration with Ernst-Ludwig Florin at the
EMBL, single molecule detection techniques are being
developed to understand how RTK signalling is modulated by the heterogeneous local molecular environment in the plasma membrane. The objective of this
study is to obtain information about: (1) the kinetics
and stability of EGFR complexes after ligand binding, (2) ligand binding stoichiometry to the activated
receptor, (3) local diffusion characteristics of the activated receptor and, (4) the signalling capacity of activated monomers versus activated oligomers. We want
to correlate EGFR clustering with its location in specialised membrane compartments of the living cell
by using approaches that can simultaneously report on
an association state of a molecule and the viscous
drag of its local environment. The altered signalling
modalities of receptor clusters, as compared to receptor monomers, will be investigated by relating adapter

protein set recruitment with receptor oligomerisation
state. The combination of single molecule fluorescence detection with nano-manipulation by optical
tweezers and high-resolution particle tracking will
increase the information content of a measurement
and overcome the limitations of the individual techniques by using a novel lock-in technique. Simulations
show that this approach allows the tracking of single
molecules in the complex environment of a cell membrane containing a background fluorescence that is
at least an order of magnitude higher than the actual
signal. The combination of lock-in fluorescence detec-.
tion with viscous drag imaging will provide the correlation between receptor state and the physical properties of its local plasma membrane environment.

Illlaging the spatial organisation
of protein activities in
lllorphogenetic processes
(Gertrude Bunt, Philip Niethammer,
Virginie Georget)
Small GTPases play key functions in processes that
generate shapes in cells. The Rho family GTPases have
been shown to be involved in cytoskeletal rearangements in cell motility and the Ran GTPase in the formation of the mitotic spindle around chromosomes.
The question arises if general physical-chemical principles apply to the morphogenetic processes of both
systems despite the differences in the molecules that
are involved. For example, in both cases the activating
GEF is partitioned from the inactivating GAP. The
GEF for Ran, RCC1, is located on the chromosomes and
the GEF for Rho family GTPases, the Dbl family of
exchange factors, are located at the plasma membrane.
The generation of an active GTPase gradient that
affects the shape and state of the cytoskeleton can
therefore originate from the partitioned GEF activity.
It was previously shown by the groups of Karsenti
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and Mattaj that the RanGTP has a function in chromatin-induced spindle formation by inducing microtubule nucleation, and that chromatin-bound RCC1 is
necessary for this process. Can the chromosomelocalised activity of RCC1 induce a gradient of RanGTP
around chromatin, and is this one of the morphogenetic principles behind the bipolar spindle formation
during mitosis? To answer this question an approach
was developed that enables the quantitative microscopic imaging of the activation state of small GTPases.
Our optical protein binding assay is based on differential protein affinities for the GTPase dependent on
whether its bound nucleotide is GDP or GTP. Ran
GTPase, for example, binds to karyopherins in its GTP
state thereby releasing cargo. Therefore, importin
was labelled with Cy3 which is a FRET acceptor of the
donor Alexa488 that is conjugated to Ran on the solvent exposed cysteine 112. In this case we measure the
interaction by FRET via the donor exclusively 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. Preliminary experiments using this
system show a gradient of RanGTP /RanGDP around
chromatin. The correlation between the spatial distribution of RanGTP and the extend of the spindle is
currently investigated to establish its biological relevance. The activation state of Ran also affects the complex between karyopherins and the microtubule nucleating molecule TPX2. RanGTP disassembles the complex between importin a, importin and TPX2, finally interacting with importin A second FRET imaging assay was developed that measures an effector
gradient of the Ran GTPase based on the interaction
between GFP-TPX2 and Cy3 labelled importin a.
The molecule stathmin might also playa morphogenetic role in the formation of the mitotic spindle by
inducing microtubule nucleation. Stathmin releases
tubulin upon its phosphorylation on serine 16. One of
the kinases, Plk, that phosphorylates stathmin during
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mitosis is sequestered on chromosomes and microtubuli and therefore a gradient of phosphorylated
stathmin might exist around chromosomes. In order to
image the activation state of stathmin, several fluorescent imaging assays have been developed and tested that monitor the phosphorylation, conformational
state and direct interaction with tubulin in vivo or in

vitro.

A RTK-mediated growth factor signal that exerts
chemoattractant activity and change of cell shape is
platelet-derived growth factor (POGF). This growth
factor exerts its effects by inducing dimers of the a and
isoforms of POGF-receptors (POGF-R) thereby inducing in its target cells mitogenicity, actin reorganisation,
and directed cell migration. Binding of POGF to its
receptors activates the intrinsic tyrosine kinase activity, leading to binding sites for proteins such as the
phosphoinositide-3-kinase (PI3K) that phosphorylates
phosphoinositides at the 3 position of the inositol
ring. 3'-phosphoinositides (3'PI) cause a reorganisation
of the cytoskeleton via the Rho protein family, resulting in movement of the cell. We want to investigate
whether local gradients of 3'PI concentration in the
plasma membrane cause a polarisation in the cell during a focal stimulus of POGF. By focal stimulation of
POGF attached to beads, we try to couple in spatial and
temporal resolution the activation of POGF-R, monitored by its phosphorylation, with PI3K activity measured in situ by 3'PI production. To measure protein
interactions and protein phosphorylation, we constructed fluorescent fusion proteins of the POGF-R
and of the PI3K permitting FRET measurements in
cells using FLIM. To quantitatively measure 3'PI concentration gradients in the plasma membrane we are
also developing a biosensor molecule that changes its
fluorescence properties upon binding of 3'PI. We
expect that gradients in the activation state of the Rho
family of GTPases also playa role during cell motility in a gradient of the chemoatractant growth factor
POGF. The same assays that were developed to image
Ran state can also be used to image the activation

state of the small GTPases, Rho, Rac, Cdc42, involved
in cell motility. Here we can correlate an extracellular
growth factor gradient with: (1) the spatial distribution
of POGF receptor activation via its phosphorylation,
(2) 3' phosphoinositide production, (3) Rho family
GTPases activation state and, (4) microtubule orientation and actin polymerisation using fluorescent
derivatives of G-actin and tubulin. We expect that the
local increase in 3'PI concentration will activate the ObI
family of guanine nucleotide exchange factors (vav,
5051) at sites in the plasma membrane, that can then
generate an expanding gradient of RacGTP. The connection between RacGTP and microtubules is via the
kinase p65-PAK that phosphorylates stathmin that is
released form
tubulin dimers thereby nucleating
microtubules.

FLIM instrul11entation and data
analysis
(Anthony Squire, Peter Verveer)
The nanosecond fluorescence decay kinetics of fluorophores are independent of probe concentration and
light path length but dependent on excited state reactions such as FRET. It is therefore an ideal observable
to monitor and quantify protein interactions in cells.
In order to image the complex fluorescence decay profiles in cells, a multi-frequency FLIM system was build
using a mode-locked argon-ion laser as excitation
source and micro-channel plate (MCP) image intensifier with GHz bandwidth in the detection. The higher harmonic content in the FLIM data allows complex
multi-exponential fluorescence decays from multicomponent systems to be sampled and analysed at
each pixel of an image. The Raw FLIM data consisting
of equally spaced phase dependent images over a full
cycle of the fundamental harmonic in the excitation
must be processed by harmonic analysis to extract
the phase shift and demodulation at each sampled
frequency. The simplest approach to obtain informa14

tion on the biological reaction in situ is the calculation
of the lifetimes directly from the phase shifts and
demodulations. In this way qualitative information on
whether FRET takes place can be deduced from the
decrease in apparent lifetimes and thereby information
on protein interactions can be obtained at each pixel of
an image. In order to obtain quantitative information
on reaction progression inside cells, the frequency
dependent phase and modulation data must be fitted to dispersion relationships using the proper decay
model for the sample. A priori knowledge about the
biological system can in this case be encoded in a
global analysis of the FLIM data greatly increasing
the precision of the obtained parameters. The notion
that in certain cases the fluorescence lifetimes represent
the different protein states, means that they are space
invariant and can be globally linked over the whole
image. The local parameters that are returned in an
image such as the amplitude of each decaying species
contains the relevant biological information about the
molar fraction of each protein state. We have also
mathematically analysed systems that contain three
interacting proteins using the same acceptor chromophore on two proteins. The decay kinetics of such
a system contains four exponential terms. However the
number of parameters that need to be determined to
quantify the relative amounts of protein complexes is
substantially reduced by the notion that the decay
rates of each of the four exponential terms is composed of a permutation of the sums of the rate constants of the donor alone and the rate of FRET to each
of the acceptors. Application of a target analysis by
directly fitting the rates of FRET reduces the number
of fitting parameters and therefore increases the
chances for a successful extraction of the populations.
The concept that the rates are space invariant can also
be exploited in a global analysis to further increase the
precision of the population maps.
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GenoIl1ic screening of protein
post translational Il1odifications
in cells
(Anthony Squire, Peter Verveer, Ivan
Yudushkin, Andreas Girod, Holger Erfle)
High-throughput assay systems capable of screening
full-length cDNAs generated and analysed by the
German cDNA Consortium for their function and
interplay in interaction networks have been set up at
the DKFZ (German Cancer Research Centre) and two
collaborating groups at EMBL. Assays have been
developed for a specific set of proteins, which have
been pre-characterised in sub-cellular localisation
experiments (e.g. studies on the relevance in cell-cell
interactions with proteins localising to the focal adhesion sites, studies on cell motility with proteins localising to the plasma membrane). In collaboration with
the group of Pepperkok a systematic functional analysis in cell proliferation and apoptosis is conducted
for all novel proteins cloned and sequenced by the
German cDNA consortium. On the first level of screening, the group of Pepperkok will focus on the general involvement of proteins in cell proliferation and

apoptosis. The results of these systematic screening
experiments will be related to the intracellular biochemical state of the individual proteins using novel
fluorescence imaging methods developed by our group
that convey information on protein post-translational modifications in cells. These assays are based on a
FRET read out by FLIM that can be implemented on
microscopic cell arrays, enabling the complexity of
multiple protein reactions in live cells to be unravelled. Fluorescent labelled generic antibodies against
modified amino acids are used to specifically detect
post-translational modification of GFP-tagged proteins via this FRET mechanism. In this way, large
arrays of GFP-tagged proteins encoded by cDNA
libraries can be investigated for their role in signal
transduction cascades by measuring their post-translational modification in situ in response to mitogenic
stimuli. The relevance to growth control of the posttranslational modification on the identified proteins
will be tested in tumour tissue slices using a recently
developed two antibody FRET assay. This assay allows
to quantitatively image the phosphorylation state of
endogenous protein in archived tissue sections. In
this way clinical and pathological data from tumours
can be correlated with protein activities.
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Brunner Group

Cellular
morphogenesis and
microtubule guidance

Group Leader: Damian Brunner
PhD students: Emanuel Busch
Technician: Ingrid Fetka
Visitor: Jonathan Hodges

During the development of a multicellular organism
cells must differentiate into specific cell types.
Ultimately, every cell needs to end 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 orient itself. This is acheived by arranging the cell's cytoskeleton, mainly actin and cytoplasmic microtubules, such that they can drive the
localised distribution of determining factors. We are
particularly interested in the role cytoplasmic interphase microtubules play during these processes.
Not much is known about the molecular mechanisms
required to organise cytoplasmic microtubules in the
three dimensions of a living cell. We investigate these
mechanisms in the fission yeast Schizosaccharomyces
pombe, a unicellular eukaryote whose defined shape is
important for proper cell division and for orienting the
organism within its environment. In interphase fission
yeast cells, cytoplasmic microtubules are crucial for
defining the main cell axis which is the central step for
cellular polarisation. The microtubules function by
delivering marker proteins which they deposit at the
cell ends and which specify the exact position of the
growth sites. Cytoplasmic microtubules are arranged
in parallel arrays that span the entire length of the
cell. They originate from several sites on the nuclear
envelope in the cell center and grow towards their
target zones at the cell ends. After reaching the cell
ends microtubules switch to shrinkage, an event
termed "catastrophe". The main focus of our work is to
find out how microtubules find and identify the
regions where they need to deposit the end marker
proteins. We currently focus on a protein complex 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, tipIp. TipIp, a homolog
of human Clipl70/Restin, acts by preventing premature microtubule catastrophe if inappropriate regions
of the cell cortex are encountered. This mechanism
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allows microtubules to grow along the cell cortex until
the cell end is reached.

The role of the kinesin tea2p in
tip 1P localisation
(Damian Brunner & Paul Nurse, ICRF,
London)
TipIp accumulates at the plus ends of growing microtubules. Because plus ends are constantly turned over
by the addition of new tubulin subunits, also tipIp
localisation has to be dynamic and "follow" the growing plus ends. We have shown that tipIp localisation
requires the function of the kinesin like protein tea2p.
Tea2p co-localises with tipIp to the tips of growing
microtubules. By analysing movies of living wild type
cells that express a YFP tagged form of tipIp (tipIpYFP) we found that tipIp is loaded on to microtubules
at the microtubule nucleation sites and moves towards
the cell ends with the growing microtubule tips, but
also along microtubule tracks. This movement and
microtubule tip localisation were almost completely
abolished in the absence of tea2p. However, the loading of tipIp on to the microtubules in the vicinity of the
nucleus was not affected. This finding suggests that
tea2p acts as a motor, providing the force which delivers tipIp to the microtubule plus end and/ or keeps it
moving with the growing end. It also explains why the
mutant phenotype of tea2 deleted cells was similar to
that of tipl deleted and that it was not altered in tipl
and tea2 double mutant cells. Further strengthening
our model of tipIp/tea2p interaction, we found that
the two proteins can form a stable complex. We also
found an interaction in the two hybrid assay, suggesting that tip I P and tea2p might directly bind to
each other.
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Two hybrid screen to identify
tip Ip interacting proteins
(Ingrid Fetka)
It has been shown that the carboxy terminal 162
aminoacids of tip1pare dispensible for the proteins
microtubule stabilising function but are essential for
the deposition of the marker protein tea1p and also of
tiplp itself at the cell ends. We have performed a two
hybrid screen using the tiplp carboxy terminus as a
bait in order to identify proteins that are involved in
tethering tiplp to the cortex at the cell ends. Such proteins might be involved in removing tip1P from microtubules in the target regions thereby inducing region
specific microtubule catastrophe. They might also be
part of a mechanism that makes the difference between
cell cortex in the cell centre and at the cell ends. We are
currently investigating 26 of the identified candidate
genes in more detail.

Publications
Brunner, D. & Nurse, P. (2000) CLIP170-like
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Brunner, D. & Nurse, P. (2000) New concepts in
fission yeast morphogenesis.PhUos. Trans. R.
Soc. Lond. B. BioI. Sci.355, 873-877

The role of m.a13p in m.icrotubule
organisation
(Emanuel Busch)
Ma13p is a functional homolog of human EB-l, a protein that binds to the tumor suppressor APC (Adenous
Polyposis Coli). Ma13p was shown to be involved in
microtubule organisation, spindle formation and chromosome segregation but the molecular nature of ma13p
function is completely unknown. Because, like in tipl
or tea2 deleted cells, microtubules were found to be
very short in the absence of ma13p, we have started a
detailed investigation to describe the role ma13p plays
in organising interphase microtubules.
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Ellenberg Group

Nuclear envelope
structure and
function in live cells

Group Leader: Jan Ellenberg
PhD students: Joel Beaudouin, Peter Lenart,
Gwenael Rabut

The nuclear envelope (NE) creates distinct nuclear
and cytoplasmic compartments in eukaryotic cells. It
consists of two concentric membranes in direct continuity with the ER. In metazoa, the NE is stabilized by
the nuclear lamina, a tight meshwork of 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. Nuclear pores also create the only
connection between inner and outer nuclear membrane. Closely attached to the nuclear periphery are
parts of chromosome territories, classically believed to
consist of highly condensed "heterochromatin".
Biochemical and genetic studies have contributed evidence for molecular interactions between all major
structural components of the NE (membranes, pores,
lamins and heterochromatin) suggesting the nuclear
periphery is a highly crosslinked and stable system in
nondividing cells.
One of the most dramatic structural and functional
changes in multicellular eukaryotes is the complete

breakdown and reformation of the NE during cell
division. Upon entering mitosis, at the transition
between C2 and M phases of the cell cycle, cells completely and rapidly dismantle nuclear structure by
phosphorylation and depolymerization in a process
termed nuclear envelope breakdown (NEBD). The
result is a highly regulated switch in chromosome
compartmentalization. Nuclear membranes that surround chromosomes in interphase are replaced by
cytoplasmic spindle microtubules which organize and
segregate the condensed chromosomes in an "open"
mitosis. Once segregation is accomplished, the mitotic kinase machinery is degraded and dephosphorylation allows the complex interphase nuclear architecture
to reassemble. Only after the NE is formed, can essential functions of the interphase nucleus such as transcription and replication start anew.
Our interest is to investigate the structure and function
of the NE in intact cells including its remodeling in
mitosis. To this end we are using live cell microscopy
to directly observe key proteins of these dynamic
processes - fluorescently tagged with CPP and other

Technician: Nathalie Daigle
Visitors: Janet Chusainow, Thomas Dechat,
Daniel Gerlich, Gregory Giannone, Ralf
Peter Jansen, Gaelle Kerjan, Thorsten Klee,
Robert Phair

Figure 1. Major components of the
nuclear envelope. Nuclear membranes,
nuclear pore complex, lamina and
chromatin (DNA/nucleosomes) are
drawn schematically to their molecular
scale. Bar: 50 nm
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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. Our
work in the past year has focused on the following
areas: dynamics of nuclear pore complexes, the mechanism of NEBD, quantitative 4-0 imaging and reconstruction as well as computer simulations to analyze
kinetic experiments in live cells.

Nuclear pore cotnplex dynatnics
The nuclear pore complex (NPC) of eukaryotic cells is
a fundamental unit of nuclear structure mediating
nucleocytoplasmic transport. In the past year we have
undertaken the first characterization of this complex
in intact cells. To this end, several GFP-tagged nucleoporins, POM121, Nup153 and - in collaboration
with Valerie Doye (Institut Curie, Paris) - two members of a novel nucleoporin subcomplex Nupl07 and
Nup 133 as well as GFP-tagged lamin Bl were used to
characterize the dynamics of NPCs in live mammalian
cells and their relationship to the nuclear lamina. We
found NPCs and the lamina to be part of an immobile,
mechanically interconnected protein network in the
NE. Fluorescence recovery after photobleaching
(FRAP) was used to measure the turnover of individual nucleoporins on and off the NPC. We found
Nup133/107 and POM121 to be stably associated with
the NPC over many hours in interphase, demonstrating that postmitotically assembled NPCs as a whole are
not turned over before the next cell division. Strikingly,
Nup153 associated only transiently with the NPC,
being turned over every 15 seconds. In mitosis, all
four nucleoporins were completely dispersed from
the NE in prometaphase resulting in distinct subcellular localizations. While the transmembrane protein
POM121 equilibrated with the membrane system of the
ER, Nupl33/107localized to kinetochores and Nup153
was homogenously distributed in the cytoplasm. In

contrast to the stable association of Nup133/107 with
the NPC, their binding to the kinetochore was dynamic with an average residence time of only three minutes. The four nucleoporins also showed markedly
different behavior during nuclear assembly.
Nup133/107 bound to the chromosome surface just
after the onset of chromosome segregation, followed
by POM121 and slightly later Nup153. Interestingly the
assembly of all nucleoporins preceded the formation
of peripheral B type lamins in the NE, which are thus
unlikely to mediate NPC assembly after mitosis.
(Daigle et al., 2001; Belgareh et al., 2001)

Figure 2. GFP labeled NPCs in a normal rat kidney cell. Three-

dimensional reconstruction of a live NRK cell nucleus
expressing POM121-EGFP3. Top, maximum intensity projected
of optical sections of the lower nuclear surface (double-pointed
arrow). Inset enlarges 1 flm2 to show labeling of single NPCs.
Bottom, xz slice at the line indicated in the top panel. From
Daigle et al., 2001.
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Nuclear envelope breakdown
The step of the G2/M transition which commits a cell
to M-phase is the breakdown of the NE, a process
whose mechanism has not been established. In order
to analyze NEBD in vivo we have developed two systems where the transient and radiation sensitive cell
cycle stage of prophase can be observed reliably by
confocal microscopy. The first system uses NRK cells
stably expressing proteins of the NE (lamin B receptor,
pore
LBR; lamina associated polypeptide
membrane protein 121 kDa, POMI21; lamin Bl), spindle apparatus (a-tubulin) and chromosomes (histone
2B, H2B) tagged with several spectrally distinguishable
fluorescent proteins (CFP, GFP, YFP see methods).
Using 4-0 imaging and FRAP we found evidence for
a novel, mostly mechanical mechanism of NEBD. Early
spindle microtubules caused folds and invaginations
in the NE up to one hour prior to NEBD, creating
mechanical tension in the nuclear lamina. The first
gap in the NE then appeared before lamin B depolymerization, at the site of maximal tension, by a tearing
mechanism. Gap formation relaxed this tension and
dramatically accelerated the rate of chromosome condensation. The hole produced in the NE then rapidly
expanded over the nuclear surface. Finally, NE fragments remaining on chromosomes were removed
towards the centrosomes in a microtubule dependent manner, suggesting a mechanism mediated by a
minus end directed motor. (Beaudouin et al., 2002)
The second system makes use of the natural G2 arrest
of starfish oocytes, cells ideally suited for imaging
because of their optical clarity, ease of microinjection
and large nuclear diameter. In collaboration with Mark
Terasaki (MBL, Woods Hole) we have studied the
mechanism of NEBD by measuring changes in NE
permeability and composition during entry into meiosis I. Using multicolor 4-0 imaging, we have analyzed
the entry kinetics of cytoplasmic fluorescent dextrans
with different molecular weights into the nucleus as
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Figure 3. Microtubule induced deformations lead to stretching and tearing of the lamina. A grid was bleached on the upper surface of the
lamina of NRK cell transiently expressing lamin Bl- YFP which was then followed by 4-D imaging. Confocal sections containing the
upper (top row) and lower (bottom row) lamina surface are shown. Arrowheads mark the first hole in the lamina at a site of stretching.

well as the dispersion of CFP tagged NE proteins. We
found that the properties of the NE change in two
phases. In the first phase the selectivity of the NPCs is
compromised leading to a slow leaking of molecules
with a diameter below 30 nm into the nucleus. During
this time nuclear membranes and the lamina stay completely intact, and only some nucleoporins start to
dissociate from the NPC. The second phase starts with
the localized entry of very large molecules from the
cytoplasm by unrestricted diffusion. This permeabilization starts at a single site and then rapidly spreads
as a wave over the NE surface. However even at this
timet the nuclear membranes and lamins do not show
visible fragmentation. Based on these results we have
proposed a model where stepwise NPC disassembly
first leads to an increased permeability of the pores,
and in a second step to a spreading fenestration of
the NE. (Terasaki et al., 2001; Lenart et al., in preparation)

Quantitative 4-D il11aging and
reconstruction
In collaboration with Roland Eils' group (DKFZ,
Heidelberg) we have developed new tools for quantitative analysis and reconstruction of 4-D imaging
experiments. This experimental approach, where three
spatial dimensions are acquired as stacks of confocal
sections and then imaged over time in live cells, is
superior to traditional time-lapse imaging. 4-D imaging has higher spatial resolution and allows a complete
quantitative recording of the dynamics of fluorescently labeled molecules inside cells. However, 4-D
imaging generates large and complex datasets - typically several gigabytes - per cell and experiment. To
transform this approach into a powerful tool to quantitatively analyze space-time correlations of several
molecules in live cells we optimized fast multi-color
confocal 4-D acquisition and combined it with auto21

mated and quantitative reconstruction using software
developed in the Eils group. We then applied this
method to study NE reformation in live cells. Three
spectrally distinct fluorescent proteins were used to
simultaneously visualize three different cellular compartments at high speed and with high spatial resolution in live cells. Several thousand images from a single cell were quantitatively reconstructed. This analysis revealed both quantitative and qualitative new
insights into the highly ordered topology of NE formation in correlation with chromatin decondensation.
It would have been impossible to achieve these results
by manual inspection only. The technique will greatly facilitate the study of the highly ordered dynamic
architecture of eukaryotic cells in the future and we are
currently applying it to NE breakdown, NE assembly,
and mitotic chromosome positioning (Cerlich et al.,
2001).

C0l11puter sil11ulations to analyze
kinetic experil11ents in cells
State of the art fluorescence photobleaching techniques are unique tools for the quantitative study of
the dynamics of fluorescently tagged proteins and
other macromolecules in live cells. However, the complex cellular geometry and the presence of different
functional species for each protein (i.e. bound and
free in the simplest case) make the analysis of photobleaching experiments a complex task. The precise
spatial control of bleaching experiments performed
with modern confocal microscopes enables us to measure localized subcellular pools with high precision. We
use fluorescence recovery after photobleaching
(FRAP), fluorescence depletion (FLIP) and pattern
photobleaching of CFP-tagged NE proteins to determine biophysical parameters of these molecules. To
analyze such experiments correctly in the context of
cellular geometry, we have developed computer simulations based on spatial kinetic models.
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With these models, we can derive effective diffusion
constants and rate limiting steps in protein-protein
interactions. The models can be adapted to the spatial
distribution and abundance of each protein and are
able to incorporate a priori knowledge about the molecular interactions. 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 between nearest neighbor elements. This flux
can be governed by diffusion only, or additional
parameters such as association and dissociation rates
of binding interactions. We are currently using such
models to study the trafficking of nuclear membrane
proteins between ER and inner nuclear membrane in
different stages of the cell cycle.
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Figure 4. Principle of spatial computer simulation for protein
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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 aI, 1993; Gonzalez et al., 1998; Bolivar et al.,
2001; Belecz et al., 2001). 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 which provide the basic microtubule
nucleating and docking functions which 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 (Ripoll et al., 1987; Gonzalez and Glover,
1993).

Identification of new c0111ponents
of the Drosophila centros0111e:
A bioche111ical approach
(Bodo Lange and Guillermo de Career)

* indicates part of year only

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
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out a systematic analysis, based on nano-electro-spraytandem-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). One
of the identified proteins is heat-shock-protein-83, a
member of the highly conserved Hsp90 family, that
includes chaperones known to maintain the activity of
a large number of proteins, but suspected to have also
other essential, unidentified functions. We have found
that a fraction of the total Hsp90 pool is localized at the
centrosome throughout the cell cycle at different stages
of development in Drosophila as well as in vertebrates.
This association between Hsp90 and the centrosome
can still be observed in purified centrosomes and after
treatment with microtubule depolymerising drugs,
the two criteria normally used to define core centrosomal components.
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 al., 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 Career et al., 2001)
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Identification of new centrosolllal
cOlllponents: Protein traps

Figure 1. Phase-contrast images of
unfixed (a-d) wild-type and (e-h) yTub23CPI mutant testis. (a) By late
prophase, the phase-dark membranes that
associate with the microtubules are well
organized into asters (indicated by
asterisks) located at opposite sides within
wild-type spermatocytes. (e) Aster
segregation also occurs in [gamma]
Tub23CPI mutant spermatocytes, but is
not maintained, resulting in deformed
nuclei with two indentations occupied by
the two asters as they progressively
approach each other. (b,c) The meiotic
figures found in wild-type primary
spermatocytes are bipolar, with two asters
at each side of the spindle. The spindle
microtubules are associated with phasedark membranes (pdm). Different stages
of meiosis from anaphase to telophase can
be observed in this cyst. After telophase,
the spindle is constricted in the middle
(arrowheads), and one daughter nucleus
(nu) is formed at each pole. (f,g) None of
these figures are found in [gamma]
Tub23CPI mutant spermatocytes, in
which the only organized arrays are cone
shaped, with a pointed end (arrowheads)
and a single aster (asterisk) at the base.
One or more nuclei can often be seen
associated with the aster. (d) Successful
completion of the two meiotic divisions in
the wild-type generates cysts of 64 early
spermatids, each containing a phase-light
nucleus (nu) and a phase-dark
mitochondrial derivative (nebenkern; nb).
(h) Early spermatid cysts in [gamma]
Tub23CPI males contain only 16 cells
that have a large nebenkern associated
with afew nuclei (nu) of different sizes.
Several small cellular fragments
containing only a small nebenkern
(arrows) are also present in these mutant
cysts. The scale bar represents 10 tim,
except for in (c) and (g).

(Luis Bejarano and Hanne Varmark)
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 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). H. Varmark is now using a new
protein trap technique that has been developed in the
lab of W. Chia (Morin et al., 2001). 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.
H. Varmark is also attempting the positional cloning
of asterless (asl) a gene thought to play an essential
role in organising the pericentriolar material. She has
mapped asl by meiotic recombination and using Pelement-induced male meiotic recombination she is
now mapping asl with respect to a collection of nearby P-elements whose insertion points have been
mapped by the Drosophila Genome Project. The results

25

EMBL 2001 Research Reports

of this mapping will narrow the asl region down to a
few transcription units that will then be assayed for
their ability to rescue de asl mutant phenotype.
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The role of centrosOllles in
spindle asselllbly in vivo
(Elena Rebollo and Hanne Varmark)
Direct visualisation is becoming mandatory to unravel the complex processes which occur within the living
cell. To assess the role of gamma-tubulin in spindle
assembly in vivo, we have followed meiosis progression by time-lapse video microscopy in y- Tub23C
mutant spermatocytes (in collaboration with P.
Sampaio and C. Sunkel, Univ. of Porto). We have found
that mutant centrosomes associate with large numbers of astral microtubules even though y-tubulin is
severely depleted; bipolar meiotic spindles are never
assembled; and later in meiosis, the microtubules get
organized into a conical structure that is never
observed in wild-type cells. These cones seem to be
related to wild-type central spindles because they are
assembled midway through meiosis, elongate during
anaphase and are constricted during late meiosis, giving rise to a pointed end similar to those that form in
each half of the wild-type spindle midzone. Moreover
markers of the wild-type central spindle such us Klp3A
and Polo are also found around the pointed end of the
mutant cones where cytokinesis furrows are often
formed. Our results suggest that microtubule polymerization or stabilization from the centrosome may
be possible in a y-tubulin-independent manner in
Drosophila spermatocytes. However, y-tubulin seems to
be essential for spindle assembly in these cells. These
results also show that at least part of the central spindle and constriction-ring assembly machinery can
operate on microtubule bundles that are not organized
as bipolar spindles.

Bolivar, J., Huynh, J.R' Lopez-Schier, H.,
Gonzalez, C., St Johnston D. & GonzalezReyes l A. (2001). Centrosome migration into the
Drosophila oocyte is independent of BicD and
egt and of the organisation of the microtubule
cytoskeleton. Development, 128, 1889-1897
I

l

Ceron, J., Gonzalez C., & Tejedor, F.J. (2000).
Patterns of cell division and expression of
asymmetric cell fate determinants in postembryonic neuroblast lineages of Drosophila. Dev.
BioI. 230,125-138
l

Video. (See CD-ROM version for full access to this feature.)
Time-lapse recording of a y- Tub23CPI mutant spermatocytes
during meiosis 1. At prometaphase the mutant asters are getting
closer to each other and the nucleus is being deformed. By late
prometaphase, the bivalents are fully condensed, sitting on the
middle of the spindle. The spindle is associated with numerous
phase-dark membranes. Microtubule polymerization and
organization is very intense at this stage in the mutant. The
microtubules are being sorted into two populations that emanate
from each aster toward the cell membrane. They get clustered
through a circular movement on one side of the cell, which
accumulates most of the phase-dark membranes. As the homolog
chromosomes (arrows) segregate during anaphase, the
microtubule bundle starts to elongate and continues until the
new nuclei are formed. At the end of meiosis, the cone is
disassembled.
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The group is divided evenly into two projects, both of
which were initiated a decade ago, namely the phagosome project run by Griffiths and the vaccinia virus
project now under the supervision of Jacomine KrijnseLocker. Although both these projects were independently initiated, and independently run, they both deal
with defined, and very complex membrane organelles
that can be analysed in detail. The phagosome system
by itself offers a system of ca. 400-500 proteins capable
of a range of functions, even in vitro, such as complex
interactions with microtubules, or actin and, via fusion,
with other membrane organelles. The vaccinia system is even more complex since the virus itself (which
has two distinct infectious forms) has about 100 proteins and about the same number of non-structural
proteins that modify the cell and the immune system,
and both the structure and the life cycle are mindbogglingly complex. It should be noted that this virus
is closely related to the smallpox virus and was used
as an immunogen to eradicate smallpox. Nevertheless,
after September 11, smallpox is again the centre of
attention, for well-known reasons.

Vaccinia virus
When time permitted, Griffiths continued his more
than 10-year quest to understand the structure of the
vaccinia virus. A preliminary, albeit detailed description has been recently published (Griffiths et al., 2001a,
2001b). This analysis reveals the virus to be assembled
and disassembled (during the infection process) by
mechanisms whose complexity is unprecedented in
virology. The virus was known to assemble its membranes in a hitherto not described mechanism of cisternal assembly, in which a sub-domain of the smooth
ER, packed full with six known viral membrane proteins (and excluding host proteins) undergoes an
amazing transformation.
A bit akin to making an "Apfelstrudel", the specialized
ER-derived viral cisterna wraps around the viral DNA
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in such a manner that it forms what is seen in profile
(after sectioning) by EM to be a double S-shaped fold
(in which the ends of the S's are continuous). This
organisation means that the virus has two separate
cytoplasmic compartments, analagous to the different
sides of the letter S. The "s" (with the DNA on one side)
then collapses upon itself to give a packing that is
still not definitively understood. Whereas an S-shaped
profile in a section would imply that one has cut a cisterna, in real life the virus is remarkably complex; the
cisternae are interconnected with at least four long
tubules that mostly tuck into the 'underbelly' of the
virus (Griffiths et al., 2001a and b). Strikingly, these
tubules eject like spaghetti when the virus contacts a
virgin cell, although the details of this process are still
murky.
Vaccinia forms two distinct infectious particles, the
intracellular mature virus (IMV) and the extracellular
enveloped virus (EEV). The latter is identical to the
IMV except for the presence of an extra membrane
around it that contains seven additional (and wellcharacterized) membrane proteins. The latter is initially acquired as a cisterna (from the TGN) that then
wraps around the IMV to form an IMV particle that is
totally enclosed by two membranes (the lEV or intracellular enveloped virus) (Schmelz et al., 1994). The lEV
has recently been shown to move initially by microtubules (Hollinshead et al., 2001; Rietdorf et al., 2001)
and is followed by a fusion event to release the EEV.
Actin polymerisation by the lEV facilitate the release
of the EEV (Cudmore et al., 1995, see Rietdorf et al.,
2001 and references therein).
In the previous year, Jacomine Krijnse-Locker had
shown that the IMV and the EEV (although only distinguished by the presence of an additional membrane on the EEV) have radically different effects on
cells, upon the first contact prior to infection. Upon
contact the IMV, cells respond irreversably by assembling microvilli-like processes that facilitate the entry
process. A number of signalling molecules regulate
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nucleator
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Figure 1. Model to show how actin nucleated by a membrane organelle such as a phagosome (large circle) may influence membrane fusion.
A still to be identified myosin (myosin C) bound to a potential fusion partner of the phagosome (small circle, this may be another
phagosome or an endocytic organelle) is hypothesised to bind and move the latter along the actin towards the nucleating phagosome. From
our data, myosin V plays a role in stably binding phagosomes to F-actin and serves to prevent fusion. Note that the polarity of the actin is
such that the Iplus' or Ibarbed' ends are adjacent to the membrane nucleation/insertions machinery. Actin monomers must somehow be
inserted at these sites.

this process which can consequently be stimulated, or
inhibited by interfering with an array of them (e.g.
rho, rac, sphingosine-I-phosphate, PKC, ezrin). In
remarkable contrast, the EEV infect cells 'silently'.
Somehow, this more highly evolved form can enter
cells more efficiently than the IMV apparently without
the cell noticing. Despite these remarkable differences,
the central part of the IMV and the EEV, the 'core', that
contains the viral DNA, ends up in the cytoplasm, or
in the case of the IMV, very often within the viralinduced microvilli. Moreover, in both cases, the
peripheral membrane layers seem to be left outside of
the cell as ill-defined membrane fragments (Krijnse

Locker et al., 2000). No evidence has been found for a
viral fusion process and such an event is totally incompatible with the structural model; if the fused double
"5" (above) has DNA on its outside, a fusion event
would leave the DNA outside the cell. The mechanisms of these proposed non-fusion events are completely open. Griffiths and Norbert Roos (Univ. of
Oslo) is now collaborating with Willy Geertz and Bram
Koster (Univ. of Utrecht) in order to analyse the threedimensional structure of the virus by tomography.
The viral core in the cytoplasm is a machine of amazing sophistication. Even in vitro this machine can tran-
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scribe specific sequences of the viral DNA and then
ejects the early viral RNA's. This process which
depends on the many (well-characterised) viral proteins, such as the' early' transcription factor, the 8subunit RNA polymerase, poly A polymerase, 'capping
enzyme' helicase and an ATPase, has been extremely
well characterised in the test tube, but had never been
observed in the infected cell. Massimo Mallardo followed this process and found a surprise; whereas in
vitro the RNA's accumulated, as expected, around the
viral cores, in the infected cell they moveaway from the
core in a microtubule-dependent fashion to discrete
RNA aggregates which resemble those widely
described in other systems, such as neuronal cells and
Drosophila embryos. It is hard to imagine that the virus
decides where these sites should be; they must presumably pre-exist or be rapidly assembled at sites
that the host cell selects. Translational machinery accumulates at these sites and it seems likely that this is
where the viral early proteins are made (Mallardo et aI.,
2001).
It was already known from the literature that these
early proteins include DNA polymerase, other factors necessary for DNA replication from the coreparental DNA, as well as poorly defined 'uncoating'
factors that somehow allow the core DNA to become
accessible. Whereas the traditional view was that all
the viral DNA replication occurred freely in the cytoplasmic 'soup', the data of Laura Doglio and Nina
Tolonen uncovered another surprise; the parental viral
DNA seems to become associated with the cellular
rough ER at an early stage, and this association appears
to be crucial for the overall process of DNA replication.
This process has been found to occur in specialised
"mini nuclei", that is, in specialised sites in which the
replicating DNA is almost completely surrounded by
cellular rough ER. The replication process is initiated
concomitant with this ER wrapping and, in an interesting analogy to the process of nuclear envelope
assembly and disassembly, the cisternae around the
DNA are disassembled at the end of DNA replication.
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In contrast to the subsequent (and distinct), specialised
smooth ER domains that assemble into the IMV, these
mini-nuclei (with smooth membranes on the inside,
adjacent to the DNA and ribosomes on the outside)
contain normal ER markers, such as POI and calnexin, but lack nuclear envelope markers, the nuclear
import GTPase RAN, as well as its exchange factor
RCC1 (Tolonen, Doglio et al., 2001).
Video observations by Laura Doglio, Christoph Reese
and Birgit Schramm have revealed that during the
above described processes, the mini-nuclei move along
microtubules and fuse together to from larger viral
'factories', first seen by Cairns in 1961. These increasingly large structures end up as ca. 3-5 bodies next to
the nucleus. This microtubule driven inward movement is unexpectedly independent of dynein and dynactin; a minus-end kinesin motor is suspected and a
candidate proteins now being actively pursued by
Krijnse-Locker.
Krijnse-Locker managed to purify the ER-wrapped
viral factories and analysed their protein by 2D-gels.
In parallel, Sibylle Schleich intensively searched the
vaccinia database for putative membrane proteins
with the appropriate up-stream sequences that are
known to be associated with vaccines early proteins.
This combined approach has identified a number of
VV early membrane, and non-membrane proteins,
and three (the gene products of E8R, A40R and H5R)
have now been characterised in detail. One new integral membrane, E8R, has recently been found to
localise by immuno-EM to the viral mini-nuclei ER
membranes, and to bind DNA in vitro.
The isolation of the viral factories also opened the
door for an in vitro analysis of the interaction of these
organelles with microtubules, using approaches earlier
developed by Ariel Blocker (Griffiths group), and
Fedor Severin (Hyman group; now MPI Dresden), to
characterise the interactions of phagosomes with
microtubules (Blocker et al, 1996; 1997). The collabo-

ration with Severin was again instrumental in setting
up both a MT binding and, less successfully, until
now a motility assay. These assays are being actively
pursued.
A separate line of research by Carmen Sancho has
focused on a close relative of VV and smallpox, the
modified virus ankara (MVA) in which about one
third of the genome was either lost of mutated after
multiple passaging in chicken cells. This virus, which
is now considered as a potential important immunogen, assembles normally in chicken cells, but in most
other cells the assembly is blocked. The stage of arrest
varies between different cell types. Our main focus has
been the assembly of MVA in HeLa cells. Our main
finding is that in these cells immature particles accumulate that fail to take up genome. Unlike permissive assembly conditions, the sites where the newly
synthesized DNA accumulate fail to co-localize with
the assembly sites and we speculate that this leads to
the failure in DNA-uptake at the early assembly stage.
Interestingly, we also found that these genome-less
and consequently non-infectious "immature" particles, undergo TGN-wrapping and are then efficiently
secreted from infected cells. Currently our main focus
is to try and target foreign proteins to the surface of
such particles as a way of eliciting an immuneresponse against foreign proteins targeted to the lEV.
This is possible because in contrast to the iMV, the
outer membranes of the lEV incorporate host proteins
that localize to the TGN.

The phagosom.e project
The phagosome project takes advantage of the low
buyout density of latex beads to isolate highly purified
fractions of latex bead phagosomes (LBP) from cultured J774 mouse macrophages. The LBP have been
extensively characterised in cells, and in vitro and
appear to be an excellent model system for bacterial
phagosomes (see below). A long-time collaborator,
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Michel Desjardins (who initiated this project in our
group in the early 1990's), in a partnership with Jerome
Garin (Grenoble), has recently, identified by proteonics about 150 of the estimated total of 400-500 proteins in or on the LBP membrane (Garin et al). These
proteins, in conjunction with a large number of lipids
(see below) are capable of orchestrating many complex
functions in the isolated LBP, as revealed by many in
vitro functional assays. We had earlier set up assays to
monitor the binding of phagosomes to microtubules
(Blocker et al., 1996) and their bi-directional motility
along these filaments (Blocker et al., 1997) and shows
that the latter depends on conventional kinesin,
dyneen and dynactin. Over the past 5 years we have
focussed on the interactions of phagosomes with actin
and the role of the actin in membrane fusion.
Various roles for actin in fusion had been established
in the process of exocytosis (see Jahraus et al., 2001, and
references therein). In different systems, actin could be
a negative effector, or form a barrier whose removal
allowed fusion to occur. More intriguing, and also
more difficult to explain, was the role of actin as a
positive effector of fusion in many studies. About four
years ago, using a biochemical fusion assay. Andreas
Jahraus established to monitor LBP fusion with endocytic organelles (Jahraus et al., 1998), we noticed that
the contents of the assay (avidin-coated LBP, with
biotin-HRP labelled endocytic organelles, cytosol and
ATP) became viscous during the in vitro reaction and
it seemed likely that this increase in viscosity somehow
facilitated the fusion process. Almost a decade before
we started, our former colleague Jean Gruenberg has
set up a similar endosome-endosome fusion assay
(that was the basis for our assay) and observed that if
the reaction tube was shaken or stirred, no fusion
occurred (Gruenberg, personal communication,
unpublished data). This is a highly counter-interactive
idea: one might have expected that increasing the
rates of diffusion would have increased the extent of
fusion. In our studies, two actin-binding proteins,
thymosin b4 (which sequesters G actin and by itself
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inhibits polymerisation) and gelsolin (which severs
and caps F-actin) were paradoxically shown to increase
the rate of fusion (Jahraus et al., 2001).
It was these findings that stimulated our interest in
studying the role of actin in fusion in more detail. A
survey of the literature made it likely that the key to
understanding the molecular mechanisms was the
process of membrane-catalysed actin nucleation and
growth of actin from the membrane surface. Although
this process had been described by Tilney and Cardell
in 1970, and in many subsequent pioneering studies by
Tilney (and others), until very recently, the subject
seems to have been ignored by the vast majority of
actin specialists. This process has been, and still is, a
'black box' and 'black boxes' are always worthy of
attention, especially when the process is so fundamental. A particularly difficult question to answer is
how the actin monomers are inserted into the barbed
ends of the filament on the membrane surface.
We have set up a number of different assays to monitor phagosomal membrane actin nucleation. In order
to provide continuity with the above description, we
will first discuss the more complex situation in which
LBP are mixed with macrophage cytosol. A number of
approaches were used to follow actin nucleation and
polymerisation, including biochemical "spin-down"
assays (developed by Rune Kjeken), but the most
direct and elegant procedure was using kinetic tortional rheometry, a physical method for following viscosity and viscoelasticity (in a collaboration with a
physics group, Bernhard Hinner and Erich Sackmann,
Univ. Munich, Garching). If one incubates macrophage
cytosol with an ATP-regeneration system (lmM ATP)
at 37C, there is essentially no nucleation/polymerization of actin until about 80 min. This is in contrast
to pure G actin which, under physiological conditions
polymerizes rapidly with ATP. Factors in the cytosol
prevent actin nucleation. If LBP, or total membranes are
added, however, after a lag of ca. 10 min. actin is
nucleated by the membrane surface and the actin fil-

aments then grow. At precisely 30 min. an enormous
phase change occurs as the viscoelasticity and viscosity grows quasi-exponentially (Jahraus et al., 2001).
It now seems likely that this phenomenon represents
a supra-organisation of the already assembled actin
bundles into networks.
A complementary confocal microscopy assay was
developed by Morten Egeberg, using cytosol spiked
with rhodamine G actin. The phagosomes (with green
fluorescent beads) alone or with differentially labelled
endosomes in a crude membrane mix, were visualied
over time in a sealed chamber on a glass slide. In this
assay, as before, no polymerization of actin from
cytosol was seen in the absence of membranes. In
their presence, the initial polymerization could not
be seen (due to the background of free rhodamine
actin) but at the 30 min. time point, two striking phenomena were concomittantly seen, namely the growth
of actin bundles and networks adjacent to the phagosomes, and the aggregation of the LBP, as well as
endocytic organelles. Between 30 and 80 mins, the
bundles grow while the aggregates become larger.
This observation led us to the' actin track' model
(Figure 1). Since the actin that grows out from the
membrane has the plus (barbed) end at the membrane
surface, any organelle with a bound myosin could
bind, and move along the actin towards the nucleating
organelle (since all myosins, except class VI) can only
move in this direction). This model postulates that
myosin-dependent motility along membrane-nucleated actin can facilitate docking, and thus fusion. To
begin to test this model, we needed to follow the
extent of fusion in this system in a more kinetic fashion than was possible with our earlier biochemical
assay.
The most direct and precise way to monitor in vitro
fusion is by direct observation using the EM. For this,
Anja Habermann developed a colloidal gold, contentmixing assay in which two different sizes of particles
are internalised into two sets of cells. The gold can be
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precisely targeted to early or late endocytic organelles
and latex beads can be co- or separately internalised.
After gentle cell breakage, the total membrane fractions
are mixed with cytosol and ATP and an EM grid is
floated on this for up to 80 min. The grid is then
embedded in methyl cellulose-uranyl acetate.
Labelling for actin with a third gold particle is also possible. In this system, any combinations of fusion events
between phagosomes, early- and late-endosomes can
be monitored and the effects of drugs, such as latrunculin A (to block actin polymerisation) can be monitored. By the mixing of markers (that originated in
different cells), in anyone vesicle, fusion is directly
monitored in parallel to the visualisation of actin. This
approach has led to a number of interesting observations.
1. When the two different gold particles were internalised into the two sets of cells for 60 min. to fill
the endocytic pathway, the total sets of fusion
between any combination of endocytic organelles
could be monitored. A significant 8-10% of labelled
vesicles could fuse within 10 min, before any significant polymerisation was observed. This signal
is mostly due to the early endosomes fusing with
themselves. These events were further shown to be
actin-independent (at least in vitro) by Rune Kjeken
who has tested about 20 different reagents affecting the actin cytoskeleton in a chemiluminescencebased early endosome homotypic fusion assay
(based on a similar assay developed earlier by
Marino Zerial's group).
2. After about 10 min, actin filaments appear on the
grid, while the extent of overall fusion has
increased only slightly. At 20-35 min. however, an
'actin explosion' is seen on the EM grid, as bundles
and networks develop rapidly. Concomitantly, the
rate of total fusion increases rapidly to ca. 35%.
Further experiments have revealed that a significant fraction of the organelles that fuse at the later
time point are late endosomes/lysosomes (and

EMBL 2001 Research Reports

late phagosomes). Latrunculin A inhibits the fusion
between phagosomes and late endocytic organelles,
as well as the homotypic fusion between late endocytic organelles, but not that between earIy endosomes, or that between early and late-endosomes.
Thus, the fusion of late endocytic organelles, and
the (late) phagosomes is facilitated by membranenucleated actin, whereas that between early endosomes seems to operate in the absence of a need for
new actin assembly (at least in vitro). Latrunculin
A also specifically inhibits the fusion between
phagosomes and late endosomes, as well as the
homotypic fusion between late endosomes.
While the above experiments were consistent with
the 'actin track' model for facilitating fusion of late
phagosomes with late endocytic organelles, a more
definitive proof required the identification of at least
one membrane bound myosin that could perform the
required function. For this question, the LBP were
much easier to study than the endocytic organelles.
Phagosomes, including LBP are known to have at least
eight different myosins (including myosins I and VI),
but we had a strong reason to suspect that myosin V
was the key player (a suspicion that alas turned out to
be the opposite to what we had hoped for). Our longstanding collaborator, Sergei Kuznetsov from Rostock,
had established a light microscope-based assay for
binding phagosomes to pre-assembled F-actin. This
process is distinct from actin nucleation (see below)
and requires cytosol. One of the factors that could
bind to phagosomes and to F-actin simultaneously,
was myosin V (AI Haddad et al., 2001). Moreover,
Myosin V has now been found to mediate processive
movement of many organelles along actin, the most
prominently studied example being melanosomes in
melanocytes (Wu et aI, 2000). A logical strategy to test
for the role of myosin V in motility was to use
macrophages, or (spleen) cytosol from 'dilute' mice
lacking myosin V. These mice develop more or less
normally but were found to be difficult to maintain

since they are obviously not as healthy as normal
mice.
This approach was done jointly by Sergei Kuznetzov,
Rune Kjeken and Anja Habermann that led to a number of surprises. We investigated all the possible fusion
steps between phagosomes, early- and late-endosomes
using the EM in vitro fusion assay, in conjunction with
spleen cytosol from 'dilute' and wild type (WT) mice.
The only combination of fusion events that was affected by the lack of myosin V was the fusion between
phagosomes and late endocytic organelles and the
homotypic fusion between the latter. However, rather
than inhibiting fusion (as predicted) these fusion
events increased with the' dilute' mouse cytosol.
Paradoxically, the role of myosin V on late phagosomes and late endocytic organelles is therefore to
prevent fusion. That this is indeed the case was given
support by elegant video observations of LBP in
macophages from WT and dilute mice by Kuznetsov.
In the control cells, after their formation, the phagosomes move in short, abrupt steps in the cell periphery, a process in which actin and myosin V are operating. After about a 10-min. delay, the phagosomes
bind to the plus end of microtubules (Blocker et al.,
1998) and more rapidly towards the cell center (Blocker
et al., 1997). These movements are, however, often
interrupted, presumably by myosin V-actin interactions. In the cells lacking myosin V the phagosomes
show far less peripheral "jerky" movements and bind
and move along the microtubules more rapidly, and
now in a manner that is less interrupted (AI Haddad
et al., 2001). These observations lead us to propose
that, in addition to the putative actin track model, a
second distinct role of actin is to 'park' membrane
organelles; in this case via a more stabile interaction,
using myosin V. We are still searching for an LBP
myosin that can perform in the manner predicted by
the actin track model

32

The LBP actin nucleation assay
In parallel to the above studies, about four years ago
Helene Defacque established a simple assay for nucleating actin on the surface of the LBP, using rhodamine
G actin buffered with thymosis
and in the presence of a low concentration of ATP (0.2 mM). The % of
phagosomes that nucleate actin is monitored by fluorescence microscopy. We were very fortunate that this
process operated independently of cytosol (as well as
GTP, which in cells is needed for many GTPases, such
as the rho family proteins that regulate actin) that are
also present on the LBP. In other words, all the components necessary for the actin assembly we measured, are integral to the phagosomal membrane, and,
importantly, exposed on the outer (cytoplasmic) surface of the LBP.
The universal polarity of the actin relative to the membrane (described above) was confirmed, and an important role for the peripheral membrane, actin-binding,
proteins, ezrin and/ or moesin in the assembly process
was established (Defacque et al., 2000). The ability of
the phagosome to nucleate actin varies greatly with
their maturation state both in the cell and in vitro; 2 hr
and 24 or 36 hr phagosomes nucleate well but the 12
hr ones nucleate poorly. This cyclical behaviour correlates with many phosphorylation events, with a low
state of phagosomal protein phosphorylations seen
at the 12 hr time point (Emans et al., 1990).
Ezrin/ moesin binds PI(4,5)P 2 (PIP 2) and a series of
experiments revealed that this interaction was critical
for the LBP actin nucleation activity. Both preexisting and newIy synthesised PIP2, as well as its precursor PI(4)P were assembled for the actin assembly,
which suggest that phosphoinositite turnover accompanies the process by which actin is nucleated/ inserted/ polymerized. Additional experiments showed
that gelsolin could enhance the extent of assembly
(Defacque et al., 2000b) while an anti-profilin antibody inhibited the process. However, we were aston-
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Figure 2. Summary of the effects of different
effectors on actin nucleation by LBP. A lipid such as
PI(4,5)P 2 is incorporated into phagosomes, and it is
seen that the process of actin nucleation by these
organelles is stimulated at both high and low ATP,
and therefore scored as a "+". Compounds that
inhibit are given a "-" sign, whereas those that have
no effect are scored as "0". The scheme is a
composite of many experiments. The light circles
show the result at low (O.2mM) ATP whereas the
darkers circles show that at high ATP (5mM). An
analysis of this network reveals 128 "elementary
modes".

when we tested additional lipid metabolites linked
to the sphingolipids and the PIP's (Figure 2). At present, about 30 lipids and proteins regulate this system
in vitro. Clearly, this complexity necessitated the use of
a completely different analytical approach.
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ished when we realised that a vast array of phagosomal proteins and lipids could regulate this process,
even in this simple, containing only phagosomes,
actin,
and a simple F-actin buffer.
The story unfolded when Evelyn Bos discovered that
physiological levels of ATP (1-5 mM) strongly inhibited
the actin assembly on the LBP. Thus, it appears that
both the cytosolic and membrane nucleation of actin
is switched off under physiological conditions, unless
signalling cascades switch on the system. This became

apparent when we tested sphingosine-I-phosphate
(SIP), which has diverse and potent effects on cellular
signalling, including the pathways leading to actin
assembly and disassembly. When extra SIP was incorporated into the LBP membrane (at a very low concentration, 100 nM), the phagosome actin assembly
was inhibited at low ATP but stimulated at high ATP. The
precursor of SIP, sphingosine (Sp) had the opposite
effect; it stimulated at low-, but inhibited at high-ATP,
while its precursor ceramide behaved like SIP. We
realized that we were dealing with a large network
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The EMBL is 3 km from Heidelberg city, up-hill. About
15 months ago, Griffiths picked up a hitch-hiker enroute to the EMBL. Although this person was known
by sight to Griffiths, they had never spoken. It turned
out to be Thomas Dandekar, a bioinformatic specialist
interested in metabolic networks and a collaboration
was inititated that day. In conjunction with Steffan
Schuster (Max-Delbruck-Center, Berlin), Dandekar
had recently developed a powerful new algorithm for
analysing metabolic networks, "elementary mode
analysis" (Schuster et al., 2000) and had applied this
mathematical approach to predict the flow of information through cytoplasmic metabolic pathways, such
as the pentose phosphate pathway. In this way, they
can identify the minimum number of distinct sets of
biochemical reactions that can operate in a given system. In their analysis of metabolic pathways, they
could identify both known and previously unseen
pathways, many of which could be subsequently verified. This method (or any other method that analyses
networks) had not previously been applied for the
study of the signalling networks that operate in a biological membrane, but the LBP system turned out to be
an ideal experimental tool.
At present, modelling 23 metabolites, (mostly lipids)
that had been found to influence in vitro adenucleation by LBP, Dandekar with help from Schuster, has
predicted the existence of 128 distinct sets of biochemical reactions, or elementary modes that could
operate in the phagosomal membrane (under some
conditions). Of these, 14 were especially interesting
because they predicted different ways the system
could provide energy for the membrane actin assembly process. Remarkably, five of the modes predicted
a positive role for sphingomyelin and CDP choline
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and two visitors (Mark Kuehnel from the Univ. of
Hannover) and Elsa Anes (Univ. of Lisbon) could
experimentally verify these predictions, not only for
LBP, but also for mycobacterial phagosomes (see
below). Obviously, these exciting developments are
being actively pursued and are also highly relevant for
the analysis of mycobacterial phagosomes.

Mycobacterial phagosollles
Latex beads are an excellent model for phagosomes
enclosing non-biodegradable particles (such as carbon or asbestos), but not everyone is convinced that
they have much relevance for the most important class
of phagosomes, those harbouring pathogens such as
Mycobacterium tuberculosis (M.tb) or M. avium. At least
for the process of membrane-dependent actin nucleation, the LBP turn out to be a perfect model system.
In the summer of 1999 we hosted two visitors (both on
EMBO short-term fellowships), Mark Kuehnel and
Elsa Anes who introduced mycobacteria into our cell
culture lab, but taking care to keep the pathogenic
variants out from the rest of the EMBL.
Pathogenic mycobacteria are once again realized to be
world killers of humans and animals. M. tb alone
infects a quarter of the globe, although "only" in 10 0/0
of these cases does tuberculosis break out as a disease. M. avium, originally considered a pathogen of
birds, is becoming increasingly prevalent in AIDS
patients (Barry, 2001). These pathogens can survive and
replicate within the phagosome of macrophages, that
is, in a potentially hostile environment inside the most
active type of cell, as far as pathogen killing is concerned. It is now known that the bacteria within the
phagosome can secrete proteins and lipids into the
lumen and the membrane of the phagosome.
Somehow, this combined action leads to a situation in
which the normal maturation of the phagosome is
arrested, at an early stage. These phagosomes can fuse

continuously with the early endosomes but fail to
fuse normally with late endocytic organelles, the main
source of hydrolases. Moreover the pH of the phagosomal lumen is maintained at ca. 6.3, whereas phagosomes that mature normally lower the pH to calves
found in normallysosomes-4.5-5. If the pathogens are
killed, or if one infects with a non-pathogenic form
such as M. smegmatis, maturation continues normally
and the bacteria are all destroyed by the macrophage
within 48 hours.
Elsa Anes focussed on isolating phagosomes from
GFP-Iabelled M. smegmatis, while Mark Kuehnel did
the same for phagosomes enclosing killed M. avium, as
well as M. paratuberculosis, a pathogen of ruminants
that had been the subject of his PhD thesis at the veterinary school in Hannover (under the supervision
of Peter Valentin-Wiegand). In a remarkable burst of
activity over a few weeks, our two visitors, with the
active support of Anja Habermann, had successfully
isolated these phagosomes in an intact fashion. Both
types of phagosomes proved to be much more robust
at nucleating actin in vitro than the LBP (with a higher % labelling, and a stronger signal per phagosine).
Remarkably, both showed the same high activity at 2
and 24 hours and the low activity at 12 hours that we
have seen with the LBP. Also like the LBP, high ATP
inhibited the process and their behaviour towards
SIP, Sp and ceramide at high and low ATP were almost
identical. Both the M. smegmatis and the killed M.
avium phagosomes are identical to the LBP under all
conditions (except one) tested. These data set the stage
for testing the phagosomes enclosing the live pathogenic M. avium or M. paratuberculosis; how would these
react?
After initial experiments in which we considered it
likely that the assay was not working, it soon became
apparent that these phagosomes are strongly inhibited in actin nucleation. Moreover, this inhibition was
also evident in the infected cells; whereas the phagosomes in cells infected with M. avium, or virulent M. tb
34

(done by Anes in an S3 lab in Portugal) did not label
with rhodamine phalloidin, those having the killed
pathogens were strongly labelled. Thus, we identify
actin nucleation as an additional process that is actively inhibited in the phagosomes by the mycobacterial
pathogens (the others being fusion, acidification and
the production of reactive oxygen - and nitrogen intermediates).
The 'actin track' model gave us an interesting strategy. If actin nucleation could facilitate fusion with late
endocytic organelles, the notion to switch on this actin
process would be an attractive one, since it could facilitate more killing of the pathogen. This is precisely
what was found. The network analysis provided by the
LBP-, and now also M. smegmatis-systems provides a
framework for us to select lipids that might switch on
the actin process, first in vitro, and subsequently in
infected cells. In this way, arachidonic acid (AA) SIP,
Sp, ceramide, PIP2 and Sphingomyelin (Sphin) were all
found to be potent stimulators of actin and phagosomes, both in vitro and in vivo. In possible agreement
with the actin track model, all these lipids also significantly enhanced phagosome fusion with late endocytic organelles. As an additional bonus, all these
lipids also lowered phagosomal pH while AA stimulated nitric oxide synthesis by infected cells (Sp-inhibited this process while the other lipids had no effect).
To our great satisfaction, all the lipids also led to a significant increase in the rate and extent of pathogen
killing, both for M. avium and for virulent and less-virulent strains of M. tb (Bos, Anes, Kuehnel et al., submitted).
This work opens up a new possibility to kill not only
pathogenic mycobacteria but, at least in principle,
any pathogen that survives and replicates within
phagosomes. Rather than directly targeting the bacteria
itself, or the immune system that can kill the infected
cell, this approach uniquely targets the phagosomal
membrane, or more specifically, the signalling networks in the membrane that regulate the major func-
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tions. Although we have focussed on actin nucleation,
the approach can be used to analyse any function for
which one has an assay, preferably the LM-based
assays such as those we have described. It may also be
amenable for a sophisticated analysis of how drugs
affect signalling pathways.
Throughout the year, we appreciate the support of
the many EMBL facilities, especially the Advanced
Light Microscopy Facility.

Other activities
Griffiths has also been pursuing another long-term
goal- the development of new EM techniques and the
spread of these techniques to other laboratories.
Towards the latter goal, a 10-day EM course
http://www.EMBL-Heidelberg.DE/courses IElectron
Microscopy02/index.html taught by nine additional
invited experts was given in September 2001 and will
be repeated in May 2002. With two of these teachers,
Terry Mayhew and John Lucocq, Griffiths has developed new stereological approaches that simplify, but
make more rigorous, the counting of immunogold
particles (Griffiths et al., in preparation; Mayhew et al.,
2001.)
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The biological subjects the group is focusing on since
several years are the characterization of membrane
structures and their dynamics in the nanometer range
and of molecular motors, the latter is part of a more
general approach describing molecular structure and
function in mechanical terms. The techniques adapted to biological research in this context concentrated
on the Scanning Tunneling Microscope (STM), the
Atomic Force Microscope (AFM), and the Photonic
Force Microscope (PFM). These Local Probe
Techniques (LPT) are complemented by optical and
electrophysiological techniques.
LPT in general comprises a number of physical methods to study surfaces with resolution in the nanometer range. The type of interaction they use to characterize the surface or according to special technical features names the different instruments that can be built.
The development started with the STM built in 1981 by
Binnig and Rohrer. Then AFM and the Scanning
Optical Nearfield Microscope (SNOM) complemented
the possibilities given by these instruments.
Meanwhile, various other types of local or scanning
probe instruments were developed, like for instance
PFM, developed at EMBL. The general common feature of all these instruments is the measurement of a
strongly distance dependent interaction between a
nanometer sized probe and a surface. Such measurements can become quite complicated if the surface is
formed by biological macromolecular structures in
an aqueous environment with various types of ions
and surface-active substances present, as it is usual for
biological samples kept under physiological conditions. For such interactions, still only macroscopic
descriptions exist in terms of e.g. hydrophobichydrophilic-interaction or adhesion forces. It is a challenging task to characterize these interactions on a
molecular scale in terms of chemical binding, dipole
and charge interactions and by including the surrounding water molecules and ions into this picture.
A further important aspect is the dynamic of macromolecular structures driven by thermal motion or
37

chemical energy sources. These dynamics are directly
correlated to their function. To understand the underlying forces will as well help to improve LPT applications, as the preparation of the samples is still a
major problem with the lack of knowledge about
molecular interactions. This creates a vicious circle,
which makes experiments on the single molecule level
extremely time consuming.
The preparation procedure for surface modifications
has to take into account that even attomolar concentrations of certain molecules or ions in solutions in contact with a surface can change the behavior of such a
surface significantly. Therefore, it is necessary to work
under extremely clean conditions to find reproducible
procedures for surface modifications. The technique to
handle small amounts of molecules or even single
molecules and to understand the functional properties
of protein structures is not only of biological interest
but also will have implications in Bio- / NanoTechnology applications.

Mechano-sensitive ion-channels
Ion-channels are quite important nanometer scale
membrane structures in many functional aspects for a
cell. The least studied type of ion-channels are
mechano-sensitive ion-channels. The AFM which can
apply calibrated forces in the pico to nano Newton
range seems to be an obvious tool to image and stimulate these membrane structures while measuring the
ion currents in parallel with patch-clamp technique.
For the function of mechano-sensitive ion-channels, the
connection to the cytoskeleton seems to be quite important. Imaging membrane patches with the AFM provides information whether cytoskeletal structures are
present by analysing the elasticity of such patches.
We could demonstrate that the forces produced by
the AFM tip can stimulate mechano-sensitive ion channels and the electrical response can be measured in a
combined AFM / Patch-clamp setup.
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Still not much is known about the structure of such
mechano-sensitive ion channels and no expression
system is established. In this situation, the only way to
go is to find a highly specialized natural system where
a certain type of ion-channel is functional for the function. The system we chose is the mechano-electrical
transduction system of the haircells of the inner ear.
Cochlear hair cells of the inner ear are responsible for
the detection of sound. They encode the magnitude
and time course of an acoustic stimulus as an electric
receptor potential, which is generated by a still
unknown interaction of cellular components like ion
channels, cytoskeleton and probably also molecular
motors. In the literature, different models for the
mechano-electrical transduction of hair cells are discussed. All hypotheses have in common that a force
applied to the so-called hair bundle, which are specialized stereocillia at the apical end of the cells, in the
positive direction, towards the tallest stereocilia, opens
transduction channels, whereas negative deflection
keep them closed. For a better understanding of the
transduction process, it is important to know what
elements of the hair bundle contribute to the opening
of transduction channels and to study their mechanical properties. The morphology of the hair cells is precisely described by scanning and transmission electron
microscopy. Unfortunately, this method is restricted to
fixed and dehydrated specimen. This limitation can be
overcome, at least for some aspects, by AFM, which
allows imaging cochlear hair cells under physiological conditions. The AFM has to be included into an
upright differential interference contrast (DIC) light
microscope for optical control of all the necessary
manipulations and for controlled application of forces.
A water immersion objective (40x/0.75) can provide
high resolution of about 0.5 pm even on organotypic
cell cultures with a thickness in the range of 300 pm.
Using such a set-up, it is possible to see ciliary bundles
of inner and outer cochlear hair cells extracted from
six- and eight-day old rats and to approach these
structures in a controlled way with the AFM cantilever

tip. Images can be obtained by measuring the local
force interaction between the AFM tip and the specimen surface while scanning the tip. The question
whether morphological artefacts occurred at the hair
bundles during AFM investigation, can be clarified
by preparing the cell cultures for the electron microscope directly after the AFM measurements. Forces
up to 1.5 nanometer applied in direction of the stereocilia axis do not change the structure of the hair bundles. With the AFM, the tips of individual stereocilia
and the typical shape of the ciliar bundle of inner and
outer hair cells can be imaged.
The project is an ongoing collaboration with a clinical
group at the university of Tiibingen as the preparation
of such cell tissues from young rats is quite a delicate
procedure, but is routinely carried out there. The
instrument was developed and built at EMBL and
then transferred to Tiibingen, where the experiments
done demonstrated that the AFM can be used to image
the stereocillia of these haircells and to apply controlled forces to these cellular structures with precision
not possible before. These measurements also show the
mechanical stiffness of the stereocillia, which is in the
range of some tens of milli Newton per meter, nicely
reflecting the stiffness of the cytoskeleton filaments.
Finally, in this way the first single channel recordings
of mechano-sensitive ion channels could be done with
these structures, which are important to get more
insight into how these types of ion channels compare
with other better-known ones (Langer et al., 2000).

Protein folding
Force measurements with commercial AFM/s are limited to forces larger than 50pN. Thus, studying weaker interaction forces was so far only possible with
optical tweezers having much lower spatial resolution
compared to mechanical scanning force systems.
Measurements done at EMBL (Eckert et al., 1997)/ however/ demonstrated that with proper pre-treatment of
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the cantilever tip and by optimising the detector system as well as the mechanical stability the resolution
of the AFM can approach the range of thermal fluctuations/ corresponding to forces of about 5pN. The
timescale for such measurements is limited to the millisecond range due to problems with mechanical and
thermal drift. Nevertheless, it could be shown that
most advanced scanning force microscopy allows force
measurements in a range that overlaps with measurements done by optical tweezers. A major technological break-through for interaction force measurements at the single molecule level with the AFM was
the development of a multiple detection system for
active stabilization to do force measurements on longer
time scales. This system has been developed and
patented within the last two years by our group. The
concept allows long-term stabilization between the
cantilever tip and the surface with fraction of
Angstrom precision on the time scale of minutes
(Altmann et al., 2001). With the help of this technique,
unfolding and refolding experiments on quite small
protein structures like a few spectrin repeats become
much more reproducible and allow so called force
clamp measurements a technique where a certain force
is applied to the structure and kept constant for a certain time until it is further increased or decreased. In
these experiments, the proteins with cysteins at the C
terminal end are attached to clean, freshly prepared
gold surfaces. While approaching this surface with
the tip of an AFM cantilever, a single molecule can
become attached with the N terminal end to the tip.
They can be stretched to more than ten times their
folded length, reaching almost the total contour length.
The force-extension curves show characteristic sawtooth-like pattern. The reaction coordinate of unfolding is imposed by the direction of pulling, and unfolding events occurring in a single protein can be studied
in this way (Lenne et al., 2000).
Recombinant DNA techniques were used by Arnd
Raae and Jari Ylanne, visitors in the group of Matti
Saraste, to construct tandem repeats from one single
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spectrin domain for the experiments. The method
extends the monomer (RI6) at both ends so that the
polymeric protein product contains a 13-residue linker between the consecutive R16 units with two cystein
residues at the C-terminal end. Furthermore, it is possible in this way to introduce specific mutations of
single aminoacids. With these experiments, it could be
demonstrated for the first time and at the single protein level, that structural domains might unfold in
several discrete steps and in a much more complex
way than thought before such experiments became
possible. The appearance of different elongation events
suggests that at least one intermediate state for the
spectrin repeat exists between the folded and completely unfolded state. Thermodynamic studies have
not yet documented such an intermediate. The experiments shed new light on the mechanical behavior of
the spectrin molecule, which is an essential cytoskeletal protein with unique elastic properties. These details
about unfolding of single domains revealed by new
AFM methods developed by our group in general
demonstrate that force spectroscopy can be used to
determine the forces that stabilize protein structures
and to analyze the energy landscape and the transition
probabilities between different conformational states.
In collaboration with the group of Michael Nilges
computer simulations of the unfolding process where
made. These simulation now help to understand much
better the effect of specific mutations. For example, we
chose to insert two engineered cysteine residues at
positions 16 and 66 on helices A and B respectively
because these positions enable the formation of a single disulphide bond between the two helices, which we
expect to stabilize the hydrophobic core of the alphahelix bundle. Using this mutated repeat, we again
constructed tetramers of the same module. We probed
the presence of the disulfide bond by single molecule
force spectroscopy with the newly developed actively stabilized AFM. This instrument provided us with
the resolution improvement necessary to work in the
low-force-unfolding regime. It has enabled us to

manipulate spectrin constructs, which are mechanically much more fragile than, for instance, titin-like
constructs. We recorded force curves during stretching
of the mutated constructs. During retraction of the
tip from the surface a maximum of 4 peaks were detected. The forces were ranging from 20 pN to 50 pN at a
pulling speed of 0.3 nm/ms. These forces are similar
to those we measured during the unfolding of the
natural R16 repeat tetramers. A statistically significant difference was not apparent.

time, that engineering of single disulphide bonds can
be used to modify the mechanical topology of a protein
domain. We suggest that this technique may be used
to probe the effect of single point mutations on the
mechanical stability of proteins and use the resulting
force-elongation signatures to locate folded and
unfolded contents and therefore to determine those
parts of the protein domains folded in intermediates
during the transition from completely folded to totally forced unfolded states.

Nevertheless, the spacing distribution of the sawtooth pattern reveals that by far the most probable
event (95 %) is an elongation of 14 nm. We consider that
the unfolding and stretching of the folded content
between amino acids 1 and 16,66 and 106 produce the
shortened elongation in the experiments on the mutated repeats. While the bond was not dissociated, we
only marginally detected unfolding events of the entire
domain giving an elongation of 32 nm (5%), which we
believe to originate from domains with unformed
disulfide bridges. We therefore had to assume that
the rest of the domain couldn't be mechanically unfolded in the presence of an intact the disulphide bond. It
is impossible to say however; whether this part of the
protein retained a folded structure, as it exists in the
natural repeat. Because the hydrophic core is completely disrupted after residues 1-15 and 67-106 have
unfolded, it appears rather unlikely that the residues
between 16 and 66 will have a native like ordered
structure. The strengthening due to the covalent linkage by the di-sulphide bond could nevertheless very
well keep this part of the protein from unfolding in our
experiments.

The results point out clearly that the assumption that
a certain aminoacid sequence is correIated to a certain
structure is true only in some cases, but not a general
rule. Obviously, forces or environmental conditions
leading to changes of the protein energy landscape can
lead to different possible conformation states of a protein. This view is nicely complemented by recent
results in the field of prion research.

To assess this hypothesis we added 10 mM DTT to
reduce the disulphide bond. The most probable elongation events are then 32 nm as in the natural spectrin
domain. Still we could detect some partial unfolding
events at about 16 nm. It strongly suggests that the
reduced form of this mutant is folded as the natural
spectrin domain. Our work demonstrates, for the first

Molecular lTIotors (AFM)
Supported by the DFG "Schwerpunktprogramm: Neue
Mikroskopische Techniken", a new type of force microscope was developed and built into an inverted optical microscope allowing AFM measurements under
simultaneous optical control. With a 100x oil immersion objective and DIC illumination or using fluorescence detection, microtubules or actin bundles can be
visualized and approached by the cantilever tip with
this instrument. Implementing the multi-detection
scheme into this instrument allowed us to measure
actin/myosin interaction forces at the single molecule level.
A statistical evaluation of the data showed that up to
three motors at the cantilever tip could attach simultaneously to an actin filament in a way that their binding forces added up. Obviously, the molecular elasticity together with the actual geometry used allows
binding of up to three motors. The histograms show in
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this way three peaks, which can be used for a very precise evaluation of the molecular binding forces with a
resolution better than 2 pN. In the absence of ATP,
the binding between a single myosin molecule and
an actin filament could be determined to be 50.4±0.9
pN. Addition of ATP led to a '"10 pN decrease in the
binding force. Values of 40.5±1.6 pN were obtained in
this situation where the ADP binding state was measured.
The data were recorded at a retraction speed of 375
nm/ s exhibiting an average extension length of 10
nm before rupture. This corresponds to an average
lifetime of 40 ms under force of the actomyosin complex. From chemical affinity measurements the average lifetime at zero force can be determined to be 166
s. Using Bell's equation these values give an estimate
of the bond length, which can be calculated to be 0.73
nm, which is well comparable to the value measured
in a different approach by Nishizaka et aI., 2000. Taking
into account the time during which the forces were
applied, the measured binding forces also correspond
quite well to values determine by Kawai et al. (2000)
again determined with a different technique. Finally,
the maximal stiffness measured in these experiments
lays between 2 pN/nm and 8 pN/nm and points out
that with AFM measurements another part of the actomyosin complex is probed than by PFM measurements leading to stiffness values of 0.2 pN /nm.
Combining AFM techniques and genetic engineering
it is possible to address questions concerning the functional relevance of structural elements also within the
motor molecules (function of loop-elements, of switchelements within the catalytic domain, or of lever arms
as amplifiers of structural changes within the catalytic domain). Even questions concerning the cross-communication between different elements of a motor
molecule (catalytic domain, lever arm, actin binding
domain) can be addressed. Such cross-communication is one of the central elements in energy transduction by coupling ATP-hydrolysis to force genera-

tion and movement (i.e., to the function of the lever
arm in some myosins) and by coordinating these
processes with association/ dissociation to and from
the actin filaments. Such experiments will be done in
a recently approved project within the DFG
Schwerpunkt: "Moleculare Motoren" in collaboration
with the group of Dietmar Manstein at the MPI for
Medical Research in Heidelberg.

Molecular lllotors (PFM)
Different techniques like AFM and PFM allow access
to different features of molecular structures at the single molecule level. In the case of motor proteins the
AFM allows the study of the interaction with the substrate, whereas the PFM can provide the elastic properties of at least parts of the motor molecule itself.
We have demonstrated the feasibility of using PFM to
map out free energy landscapes, force functions, and
elastic properties of molecules that tether a bead to a
substrate with kinesin molecules linking the beads to
microtubules (Jeney et al., 2001). The thermally excited position fl uctuations of the tethered bead were
recorded in x, y, and z direction and then transformed
into three-dimensional energy profiles using the
Boltzmann equation. The free energy landscape could
be determined within a fraction of a second. With this
method, it was possible to measure energy profiles
and changes in the energy profiles with a resolution of
one tenth of the thermal energy kBT. The most important aspect of the development and use of the PFM is
the potential of real three-dimensional analysis of the
thermal fluctuations, which reveals three-dimensional mechanical properties of a single kinesin molecule.
These experiments in fact clearly demonstrated different elastic properties of the tethering kinesin molecule parallel and perpendicular to the microtubule as
well as along its long axis, illustrating the necessity of
a three-dimensional analysis to characterize mechanical properties of a motor molecule and of its individual conformational states. Furthermore, the changes
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in these elastic properties during the ATP cycle could
be measured with ATP analogues demonstrating the
direct connection between function and mechanical
properties.
This kinesin motors for the project were provided by
Joe Howard who also supplied us with single headed
mutants. Due to the movement of his lab and for comparison of the mechanical properties of different types
of motors, we continued the motor project in collaboration with the group of Bernard Brenner with myosin
motors.
The main goal of our first PFM measurements on the
actomyosin complex at the single molecule level was
to find experimental approaches that allow measuring
3D-free energy functions, the resulting force functions, and elastic properties, similar to what was done
with the kinesin motor. These relevant functions and
properties can be derived from following the thermally driven movement of a bead that is attached to
e.g. the S2 part of a myosin molecule, which in turn is
attached to an immobilized actin filament. The dominant factor that determines the probability distribution of the bead position is the elastic deformation of
the linker-molecule. As originally discussed by T. L.
Hill (1974), measuring the three-dimensional probability distribution allows to derive the three-dimensional free-energy functions and the elastic properties of the linker molecule in all three directions. In our
approach, the PFM serves two purposes:
i) as a trap with very low spring constant that allows
to manipulate the myosin-coated beads in order to
bring them into contact with actin filaments (or to
keep the beads close to the filament surface) such that
the myosin molecule can interact with the actin filament; and
ii) to detect the thermal fluctuations of the untethered/tethered bead in x, y, and z direction with sufficient spatial and time resolution.

EMBL 2001 Research Reports

Within the Diploma work of Christian Tischer we
could demonstrate that our approach also can be
applied to the actomyosin system. To provide a stable
attachment of functional actin filaments to a glass
substrate we produced actin filament bundles. These
actin filament bundles were adsorbed to silanized
cover slips, followed by exposure of the cover slips to
a BSA-containing buffer to block remaining reactive
groups. Myosin was directly extracted from skinned
muscle fiber and adsorbed by BSA- coated silica beads
according to the procedure for standard in vitro motility assays. BSA-coated silica beads without myosin
did not bind to the actin filament bundles, i.e., the
Brownian motion of a bead fluctuating in the optical
trap of the PFM was altered by the presence of the actin
filament bundle only by exclusion of the bead from the
space occupied by the actin filament bundle.
Otherwise, the thermal fluctuations were unaffected.
After incubation of beads in sufficiently low concentrations of extracted myosin, few beads (i.e., presumably beads with only a single myosin molecule bound
to their surface) showed quite different behavior when
brought close to an actin filament bundle in the
absence of ATP. Similar to our previous observations
with kinesin, the thermal fluctuations of the beads
became very much restricted and limited to a space of
rather distinct shape suggesting that the probability
distribution of the bead position is now dominated by
the mechanical properties of the linker complex.
The PFM values for the elasticity correspond probably
to the connection between the lever and the motor
head, which has to be stretched in the AFM experiments before the actin/mysosin binding is ruptured.
Combining PFM techniques and genetic engineering
it is possible to complement the AFM approach
addressing questions concerning the functional relevance of structural elements within the motor molecules/ as well as questions concerning the cross-communication between different elements of a motor
molecule.

Perspectives
Local probe techniques are an ideal tool to study biological molecular structures at the single molecule
level using in vitro and in vivo assays. But studying single molecules always means changing significantly
their environment. Therefore, different measuring
techniques have to contribute to understand finally, not
only the interactions, but also the influence of the
measurement itself. Still a lot of work has to be done
developing these techniques to get access to molecular structures and their dynamics in terms of position
in space and timet motion, temperature, environment
dependence, interaction forces and their direction
dependence. This information will be the bases for
the physical modeling of biological processes on a
molecular level or for approaches like the virtual cell
projects.
During the next years the development of instrumental set-ups still will play an essential role to provide the
necessary tools to measure at the level of single molecules or single cells. An important improvement will
be the further integration of different techniques into
one set-up, so that they can be used simultaneously. In
this way, the measuring conditions will be determined
much more precisely and the number of experiments
to obtain satisfactory statistics will be reduced significantly. We actually work on the integration of an
AFM into the PFM set-up with the possibility included to use also optical spectroscopy simultaneously.
In first experiments, we were able to detect the energy transfer from emitter fluorophores on a cover slip
to an acceptor at the end of the AFM cantilever tip
while approaching the surface.
Such instrumental developments are strongly supported by developments in the field of nano-technology. For this collaboration the new term, nano-biotechnology meanwhile is used. It can be nicely complemented with bio-nanotechnology using living systems as an example for future man made nano-tech41

nology. Molecular biology in this way will have beside
medicine another field of application, if biotechnology can provide the necessary functional elements.
This is a great challenge as molecular structures normally are not as stable as silicon structures and, therefore/ their production or at least their replacement
has to be included into functioning devices. Local
Probe Techniques will certainly play an essential part
in these developments.
New physical techniques and methods, as history
demonstrates, can help biology to take significant
steps forward. A very important step will be to
describe the dynamics of cellular structures at the
fundamental molecular level with coordinates in real
space and time together with the information about the
forces and their directions determining the interactions. The group contributed to this development with
the instrumental improvements mentioned and with
the development of new methods like the analysis of
thermal fluctuations to understand the dynamics of
molecular interactions. Based on our research on membrane-raft and protein structures, further steps now
can be the study of the dynamic off for example, raft
clustering and the dependence on certain triggering
signals/ as well as the regulation of motor proteins
by the interaction with other molecules. In general, the
formation of molecular clusters and the development
of new functions by the combination of different molecules obviously is an important feature to provide all
the cellular functions necessary. For all such processes/ molecules have to recognize one another and specific interaction often has to be switched on at the
right time and the right place. With the physical techniques and methods provided by nanotechnology it
becomes possible to study these molecular features and
provide new insights to many cellular processes and
their regulation and into the principles of setting up
many complex functioning systems by the combination
of much fewer functional elements.
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The ability of the cell to communicate with its surrounding is a prerequisite for the generation and maintenance of multicellular organisms (e.g. yeast, humans).
Communication is transmitted in many ways, mainly
through signalling molecules either presented on the
cell surface or secreted into the extracellular space. Part
of the encoding takes place after synthesis, that is,
once the molecules have been committed to the secretory pathway i.e. the endoplasmic reticulum (ER) and
Golgi apparatus, two of the most important organelles
of the cell. Together, these two organelles harbour
about two-three hundred different processing enzymes
(most of them residing in the Golgi apparatus).
Depending on which enzymes are present, different
post-translational modifications can be given to proteins and lipids enabling numerous types of information to be transmitted. Aberrant enzymatic activities
give rise to many different diseases highlighting the
pivotal role of correct post translational processing. In
addition, when cells change (e.g. when becoming a
cancer cell), the post translational processing profile
changes thus offering good diagnostic opportunities as
well as inroads for targeted treatment. A good example illustrating this is mucin1 which is presented on the
cell surface of breast, ovarian and pancreatic epithelial
cells. This mucin changes dramatically in its glycosylation pattern if these epithelial cells turn cancerous.
This is a direct consequence of an up-regulation of a
certain sialyltransferase, ST6, terminating O-glycosylation.
Our group focuses on gaining insight and knowledge
on how the secretory pathway operates, how and
where processing enzymes are positioned in different
parts of the pathway, and lately, to develop methods
to detect which enzymes are expressed in a particular
tissue, this as a first step in decoding how information
is communicated.
43

Molecular characterisation of
COPI-independent recycling
The process whereby the Golgi apparatus maintains its
juxta nuclear position close to the MTOC is an ongoing focus of interest. Upon over-expression of p50, a
component of the dynein I dynactin motor complex, the
central Golgi apparatus abruptly redistributes to multiple peripheral sites showing that dyneinl dynactin is
essential for juxta nuclear positioning. Such an abrupt
appearance of peripheral Golgi elements combined
with a gradual disappearance of the central Golgi was
also observed upon addition of nocodazole. Formation
of peripheral Golgi stacks is the consequence of a
molecular deconstruction of central Golgi stacks
through gradual recycling of its components directly
from the trans cisternae to the ER (see Figure 1 and for
review, Storrie et al., 2000). These studies underscore
the self-generating ability of the Golgi stack and reveal
a COPI-independent recycling pathway that specifically regulated by rab proteins and utilised by certain toxins to gain access to the ER from where part of
the toxin translocates to the cytosol to exert their toxic
effects. We are now screening for pathway-specific
components using GST-rab affinity chromatography.
So far, we have identified pl15, GM130, GRASP65 as
interacting preferentially with rabl and rab33b in a
GTP specific manner, pl15 as interacting with rab6, the
latter indicating that COPI-independent recycling
might share common components with COPI-dependent recycling (Valsdottir et al., 2001).

Transport through the secretory
pathway is a consequence of
cisternal m.aturation
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
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direction. Throughout, cisternal cargo encounters processing enzymes that move in the retrograde direction
via COPI vesicles (see Figure 1). Some recycling of
resident proteins also takes place through direct access
of trans cisternae with the ER via a COPI-independent
route.
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 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?

Sorting of resident Golgi proteins
into COPI vesicles is an active
process
p24S

CIS

medial

trans

GaAe-T2

Figure 1
Figure 1. Newly synthesized proteins leave the ER via COPII vesicles which bud offfrom 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 timet cisternal carriers receive resident proteins such as
glycosylation enzymes acting on the cargo. After a brief period of timet 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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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-1linking 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., 2001) 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, sometimes up to 10 times
over that of the cisternal membrane. At present, we are
trying to understand how Arf-1 through GTP hydrolysis can mediate protein sorting and concentration,
both through experimental approaches as well as com-
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Figure 2. GTP hydrolysis driven sorting coupled with ArfGAP1 modulation. The model is divided into 4 steps from left to right and then from bottom to top. In I: GOP bound to Arf-1 attached to the membrane
is replaced with GTP by Arf-1 GEF (Guanine Exchange factor). Cytosolic coatomer binds Arf-1 GTP but is quickly released upon GTP hydrolysis by Arf-1. This step requires ArfGAP1 and is denoted in green as
having a high activity (HA) on Arf-1. 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 releasedfrom the membrane. This "sorting step" requires GTP hydrolysis by Arf-1 (Lanoix et al., 1999). Ifresident 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 of ArfGAP1 is down-modulated by captured resident cargo proteins. The rate of GTP hydrolysis by Arf-1 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 ArfGAP1 activity will permit Arf-1 to hydrolyze its GTP and coatomer is released back into the cytosol. For simplicity, the release of coatomer, Arf-1 and ArfGAP1 from
the vesicle is shown as one event. (See CD-ROM or on-line version for full colour graphic.)
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puter 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-1 but
also, how the cell ensures that only vesicles occupied
by resident proteins may bud whereas empty vesicles cannot. The model presented in Figure 2 extends
the one presented previously (Lanoix et al., 1999) by
linking cargo concentration directly to vesicle formation. The model proposed postulates that the presence of cargo modulates Arf-1 hydrolysis through
ArfGAP so that coatomer can remain sufficiently long
on the membrane to allow for vesicle formation. The
Arf-1 mediated release of coatomer from the membrane upon GTP hydrolysis in the 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.

Insights through lllodelling and
silllulation
We have also examined protein transport on a coarse
grain scale. Building on previous modelling and simulation work by Glick and Oster, we have shown that
gradient-like distributions of Golgi resident proteins
are self forming if introducing a milieu induced trigger. The original model proposed by Glick and Oster
was first tested and found not to be robust to overexpression of glycosylation enzymes. We previously
found that gradient-like distributions of glycosylation enzymes are unaffected upon a 10-100 fold overexpression and that over-expression does not affect
endogenous enzymes, at least not those monitored.
The Glick and Oster model is based on a competition
scheme that predicts that an enzyme which competes

well has a better chance to enter a recycling vesicle.
Thus, multiple, gradient-like distributions can be generated by assigning resident proteins with different
degrees of competitiveness. Two drawbacks exist with
this model; Firstly, the degree of competition needs to
be at least 100 times higher than that of the neighbouring resident, generating differences of 6-8 orders
of magnitude between a typical cis and trans population. Secondly, the position of a particular resident
protein is not just the consequence of its competitiveness but also, the sum of the combined competitiveness
displayed by all resident proteins present in the system. Thus, a strong coupling exists between resident
proteins explaining why, upon over-expression of one
resident, others are affected. To overcome this, we
introduced a self-generated trigger for sorting. As an
example, we use the pH gradient established by proton pumps but this can also be changes in lipid composition or both. We propose that resident proteins
increase in their sorting probability as a consequence
of a changing milieu. When a cisterna matures from a
medial into a trans cisterna, the milieu changes such that
sorting is promoted into vesicles. The vesicle transports
the enzyme to the adjacent cisterna (now becoming the
medial cisterna) where the milieu is different (e.g. higher pH or different lipid composition). The resident
protein remains in the medial cisterna until it matures
into a trans cisterna and the cycle is then repeated.
This scheme effectively removes the need for large
differences as well as the strong coupling between
resident populations making the "trigger" model more
robust.

46

Publications during the year
Lanoix, J., Ouwendijk, J., Stark, A., Szafer, E.,
Cassel, D., Dejgaard, K., Weiss, M. & Nilsson,
T. (2001). Sorting of Golgi resident proteins
into different subpopulations of COPI vesicles: a role for ArfGAP1. J. Cell Biol., 155, 11991212
Valsdottir, R., Hashimoto, H., Ashman, K.,
Koda, T., Storrie, B. & Nilsson, T. (2001).
Identification of rabaptin-5, rabex-5, and
GM130 as putative effectors of rab33b, a regulator of retrograde traffic between the Golgi
apparatus and ER. FEBS Lett., 508, 201-209

Other references
Lanoix, J./ Ouwendijk, J., Lin, C.C., Stark, A.,
Love, H.D., Ostermann, J. & Nilsson, T. (1999).
GTP hydrolysis by arf-1 mediates sorting and
concentration of Golgi resident enzymes into
functional COP I vesicles. EMBO J., 18, 49354948
Storrie, B., Pepperkok, R. & Nilsson, T. (2000).
Breaking the COPI monopoly on Golgi recycling. Trends Cell Bio!., 10, 385-391
Weiss, M. & Nilsson, T. (2000). Protein sorting
in the Golgi apparatus: a consequence of maturation and triggered sorting. FEBS Lett., 486,
2-9

EMBL 2001 Research Reports

Pepperkok Team

Advanced Light
Microscopy Facility
Team Leader: Rainer Pepperkok
Scientific Assistants: Jens Rietdorf, Timo
Zimmermann
Postdoctoral fellows: Holger Erfle*,
Andreas Girod, Kota Miura* Emmanuel
Reynaud*, Jeremy Simpson, Vytaute
Starkuvien*, David Stephens*, Joanne
Young*
Engineer: Urban Liebel*
PhD students: Rebecca Forster, Veronika
Neubrand*
Technician: Brigitte Joggerst*
Visitors: Miriam Cohen-Koren, Winfriend
Denk, Evelyne Friederich, Adeline Giganti,
Ralph Graef, Nicole Jenne, Michael Keese,
Urban Liebel, Carlos Luque, Zoi Lygerou,
John McLauchlan, Veronika Neubrand,
Veronique Pizon, Heiko Runz, Vanessa
Schubert, Annette Taylor, Ton Timmers,
Peter Watson, Stefan Wiemann, Stefan
Wilms
* indicates part of year only

We develop and run the Advanced Light Microscopy
Facility (ALMF) at EMBL-Heidelberg, which provides
a service in light microscopy techniques for scientists
at EMBL and visitors. We actively develop and maintain the equipment, teach and offer support to users.
The ALMF also provides up to 18 EU-funded shortterm fellowships per year to carry out research projects
that require microscopy equipment of the ALMF,
which is not available at the visitor's home institute.
Our research projects focus on the spatial and temporal regulation of membrane traffic and organelle biogenesis in the secretory pathway.

Alberto Luini, Jan Ellenberg and Tommy Nilsson we
have organized the first international meeting of the
European Light Microscopy Initiative (ELMI) at the
Consorzio Mario Negri Sud in Chieti (Italy). ELMI is
a network of European laboratories and microscope
manufacturers with the primary goal to create national centers to provide local access and training in light
microscopy techniques.The first ELMI meeting was
therefore a hybrid of a scientific meeting on latest
developments in light microscopy and their applications and a "hands on" practical workshop focussing
on latest microscopy techniques commercially available by collaborating manufacturers.

Advanced Light Microscopy
Facility (ALMF)

The microscope techniques currently
available in the ALMF

(Holger Erfle, Andreas Girod, Urban
Liebel, Kota Miura, Jens Rietdorf, Timo
Zimmermann)

Presently we are housing ten advanced microscope
systems which cover the following techniques: confocal laser scanning microscopy, two-photon excitation
confocal laser scanning microscopy, spinning disk
realtime-confocal microscopy, fast, multi-color 3D
time-lapse microscopy, total internal reflection fluorescence microscopy (TIRF) and fluorescence correlation spectroscopy (FCS). The latter two techniques
have only become available in the ALMF since the
beginning of 2001 and extend our imaging possibilities
considerably. TIRF allows illumination and imaging of
fluorescent labeled molecules restricted to 50 to 400nm
beyond the glass-specimen interphase and thus
enhances the ratio of signal to background fluorescence to such a level that even detection and monitoring of single molecules in vitro is possible. The system available in the ALMF is easy to use and requires
a minimum of adjustments to be made before use. It
allows the combination of regular wide-field illumination with TIRF in time-lapse studies at a temporal
resolution below 0.5 seconds. It has typically been
used for studies of molecule specific fusion or endocytosis events at the plasma membrane of living cells
or for studies on microtubule motor function in in

In collaboration with industrial partners we develop
and test new light microscopy products and their
applications to biological problems. After successful
completion of the test phase, the equipment is made
available in the ALMF for the use by EMBL scientists
and visitors. One of the most important aspects of
our work is the teaching of advanced light microscopy
techniques and their applications to young scientists
not experienced in the field. In this context we have coorganised and run in the past year two EMBO courses; one on "Imaging and Manipulation of Biochemical
reactions in Living Cells" (in collaboration with the
group of Philippe Bastiaens) and the second one on
"Microinjection and Detection of Probes" (in collaboration with the group of Wilhelm Ansorge). We have
also organized three national workshops in collaboration with our industrial partners; two on capillary
microinjection and time-lapse imaging and one on
image reconstruction and analysis. Together with
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vitro systems. The FCS system in the ALMF is used as
an extension to the Zeiss confocal microscope
(LSM510). Typical applications of FCS aim at the quantitative determination of diffusion coefficients or the
interaction of fluorescent proteins at well-defined
points in living cells. Three offline computer stations
equipped with software packages (commercially available or developed by the ALMF team) for the tracking
of fluorescent labeled structures in time-series, 3D
reconstruction and deconvolution of image data and
the quantification of fluorescence are also available. We
have further developed macro packages, running on
the available hardware, for fully automated execution and analysis of complex image acquisition and
analysis protocols such as for Fluorescence Recovery
After Photobleaching (FRAP) or the measurement of
Fluorescence Resonance Energy Transfer (FRET) by
acceptor or donor photobleaching. This allows easier
and more efficient use of the systems.

More information about the equipment and services of
the ALMF is available at: http://www.EMBLHeidelberg.DE IExternallnfo lalmf lindex.html.

Development of a high content screening
microscope system
In a project funded by the BMBF within the framework
of the German Human Genome Project and the
National Genome Research Network we have developed, together with two of our industrial collaborators,
a "High Content Screening Microscope" which consists
of a fully automated multicolor fluorescence microscope integrated into a robot station for routine liquid
handling. The system uses a 96 or 384 well format
and aims at the automated performance of functional
single cell assays based on multicolor fluorescence
microscopy. The procedures which are presently fully
automated include: (i) transfection of cells with plasmid DNA, antisense oligonucleotides or siRNAs in
order to over-express or down-regulate proteins of

interest; (ii) fixation and immuno-staining of cells; (ii)
multicolor fluorescence image acquisition and (iv)
evaluation of results with assay specific image analysis procedures. The system will be used for the systematic functional characterization of novel proteins
as they are discovered by large scale cDNA sequencing or proteome projects. The cell-based assays, which
we have developed or which are currently under
development (in collaboration with the groups of
Philippe Bastiaens from the Cell Biology / Cell
Biophysics Programme and Stefan Wiemann from the
German Cancer Research Center in Heidelberg), focus
at the moment on aspects addressing membrane traffic in the secretory pathway, cell proliferation, apoptosis, signal transduction, protein post-translational
modifications and protein-protein interactions. After
full completion of the system in early 2002 we expect
to be able to screen at least five 96 well plates per day
and we expect that further improvements of the system with respect to throughput are possible.

Mel11brane traffic in the secretory
pathway
The aim of our scientific research is to understand the
temporal and spatial molecular interactions of the key
players in the early secretory pathway and how this
contributes to regulated organelle biogenesis.

Microtubule dependent membrane traffic
at the ER/Golgi boundary
(Rebecca Forster, Emmanuel Reynaud,
David Stephens, Joanne Young)
In the past years we have developed several GFP
markers and light microscopy approaches to directly
visualize in living cells the kinetics of ER to Golgi
transport carriers simultaneously with the vesicular
coat molecules COPI and COPII and their regulators.
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Using this approach we find that vesiculo-tubular
transport clusters (VTCs, about 0.5-1 pm in size) rather
than small 60 to 80 nm transport vesicles, are the major
long-range transport carriers of secretory cargo from
the ER to the Golgi complex. They form in a COPII
dependent manner from COPII coated ER exit sites.
COPII is then replaced by COPI which is required for
their transport along microtubules towards the Golgi
complex (see Stephens and Pepperkok, 2001 for
review).
Using these in vivo imaging assays with several distinct
GFP-tagged transport markers we have now found
that a particular cargo molecule, procollagen-GFP, is
seen to traffic in VTCs distinct from those described
earlier to be used by several membrane proteins such
as SNARE proteins, ts-045-G, ERGIC-53 or luminal
GFP. Altogether, the data obtained suggest now the
existence of a COPI-dependent cargo-sorting step during ER-to-Golgi transport in mammalian cells
(Stephens and Pepperkok, 2002). This is surprising
and is in strong contrast to well established transport
models proposing that ER to Golgi transport does not
involve sorting steps that discriminate between distinct
cargo molecules as it occurs for example at the level of
the trans-Golgi network. Our data further indicate
that some COPII coated ER exit sites are preferentially used by procollagen compared to other cargo molecules. Current work in the laboratory is now addressing the possibility that the distinct, cargo specific ER
exit sites are equipped with COPII complexes of distinct molecular composition.
Surprisingly, segregation of ts-045-G from procollagen
is also inhibited at the ER exit site by the microtubule
depolymerising drug noccodazole and suggests that
microtubules are involved in this sorting step. We
have therefore started to investigate the relationship
between microtubules and VTCs in more details. We
find that the motility of VTCs involves the function of
COPI, p24 proteins, Rab proteins and a novel microtubule binding protein (22f21) that we identified by our

EMBL 2001 Research Reports

eDNA screening project (see below). Using protein
kinase and phosphatase ihnhibitors we can further
demonstrate that VTC motility involves also one or
several protein phosphorylation steps. However, the
relevant phosphoproteins involved have remained
elusive so far.

Systematic identification and functional
characterisation of novel human proteins
associated with the secretory pathway
(Brigitte Joggerst, Veronika Neubrand,
Jeremy Simpson, Vytaute Starkuvien)
In order to identify new players involved in the regulation of membrane traffic in the secretory pathway
we systematically localize novel proteins as they are
identified by large scale eDNA sequencing or proteome projects. The rationale behind this approach is
that the function of a protein is tightly bound to its
localization. Therefore, in order to identify potential
key players in the regulation of membrane traffic, we
first identify new proteins that localize to the secretory
pathway and subsequently determine their relevance
for distinct transport steps.
In collaboration with the group of Stefan Wiemann at
the DKFZ in Heidelberg, who systematically identifies
novel full length cDNAs in the framework of the
German Human Genome Project, we have now localized more than 200 novel cDNAs in living cells
(Simpson et al., 2000; Simpson et al., 2001). We aim at
the localization of another 800 novel cDNAs in the
following year using the high content screening microscope system developed in the group (see above). The
cDNAs are tagged with the DNA encoding the green
fluorescent protein (GFP) and subsequently transfected into cells in order to determine their steady
state localization and its dynamics. By now we have
identified more than 50 novel proteins localizing to the

secretory pathway of mammalian cells using this
approach. Functional assays, investigating the relevance of some of these cDNAs in distinct transport
steps revealed now already six completely new proteins that are involved in the transport of a model
secretory marker protein (ts-045-G) from the ER to the
plasma membrane and demonstrates the feasibility
of our approach. Current work in our laboratory is
now concentrating on a more detailed molecular
analysis of these proteins with particular focus on
their interacting partners in cells. Once identified,
these interacting partners will also be subjected to
functional assays as described above. Finally, we are
expecting to identify comprehensively networks of
interacting proteins regulating specific transport steps
in the secretory pathway.
One example of these novel proteins (2cI8) is a peripheral membrane protein and is involved in post transGolgi network trafficking. Electron microscopy analyses in collaboration with the group of Gareth Griffiths
show that 2C18 localizes to the plasma membrane,
endosomes and membranes in close proximity to the
trans-Golgi network. In collaboration with the group
of Carlos Dotti (Torino) we could show that 2C18
localizes predominantly to axons of primary neurons
and its over-expression causes the re-routing of dentritic proteins to axons. We can further show that overexpressed but not endogenous 2C18 interacts directly
or indirectly with these cargo molecules. Endogenous
2C18 interacts with components of the API, AP2 and
AP3 vesicular adaptor complexes. We propose that
this novel protein plays an important role in maintaining the fidelity of post trans Golgi trafficking at the
level of cargo sorting.
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The light microscopy group continued its efforts in
developing the technology behind the photonic force
microscope and improving its understanding of how
macroscopic forces are generated when light and matter interact and how these forces as well as their effects
can be measured. The group, therefore, implemented
optical levitation experiments and continued the calculation of optical point spread functions under various complicated, but biologically relevant conditions.
The development of a new type of microscope was
continued. The group stopped the development of
the software for its Compact Confocal Camera, which
was applied in numerous collaborations with scientists
at EMBL and from other institutions. A major effort
was to determine aster velocities during the early
mitosis of C. elegans embryos and to fit the data into a
mathematical model.

COll1pact Confocal Call1era
Although the hardware comprising the Compact
Confocal Camera (CCC) is no longer state-of-the-art,
the CCC continues to have several advantages over
commercial confocal microscopes. First, the unique
430nm laser provides optimal excitation of Cyan
Fluorescent Protein (CFP), which can be used with
Yellow Fluorescent Protein (YFP) for dual-color fluorescence imaging of living specimens. The important
CFP-YFP combination also enables CCC users to measure Fluorescent Resonance Energy Transfer (FRET) in
living cells. Second, the software of the CCC/ with its
hierarchical user-interface and powerful macro environment/ continues to facilitate automated live-cell
imaging experiments that cannot be readily (if at all)
performed on commercial instruments. These advantages were exploited in several experiments undertaken with both internal and external collaborations
(see below).
At the end of last year, the CCC software was extended to enable image capture from CCD cameras, there50

by demonstrating that the CCC software concept forms
an excellent basis for the control of non-confocal hardware. Three CCD-based instruments are now using the
CCC software to acquire images and control microscope components. The Laser Cutting instrument is an
inverted microscope to which a pulsed UV laser is
coupled for cutting live cells and tissues. A custom
interface, easily programmed using the CCC's Visual
Basic for Applications (VBA) macro language, essentially hides the standard CCC user interface, making
available only the parameters needed for the cutting
experiments. The macro allows the user to continuously acquire DIC and/ or fluorescence images.
Standard drawing tools (such as lines and rectangles)
can be drawn on the images, and then a single button
performs the cutting in the selected regions by controlling the stage, laser pulses, and appropriate filters. We demonstrated that, except for mounting the
specimen, Laser Cutting experiments could be entirely controlled from a remote location using standard
Internet software. The second CCD-based instrument
that now uses the CCC software is the Photonic Force
Microscope (PFM). Here, the CCC software has proved
useful for high-speed acquisition of DIC and fluorescence images while a bead interacts with cells and
single molecules. Finally, the CCC software is being
used in the development of the Tetrahedral
Microscope, and will form the basis for this instrument's four-objective lens image acquisition.

Optical levitation and optical
ll1anipulation of sall1ples in the
Tetrahedral Microscope
The Tetrahedral Microscope is based around four
objective lenses arranged in a tetrahedral configuration
around a common focus. 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
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Figure 1. A view into the tetrahedral microscope. The basic arrangement of the four lenses should become apparent. Access
to the specimen is possible from the sides since the lenses do not enclose the internal volume entirely.

systems. The sample in the Tetrahedral Microscope
cannot be prepared in the conventional way by mounting it on a microscope slide. The large but not directly accessible observation volume, which is enclosed by
the four lenses, 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 providing means for non-contact manipu-

lation of sensitive samples after they have been injected into the medium.
The phenomenon of optical forces has been extensively studied both in experiment and theory. Two
different instruments have played a major role. One are
the well-known Optical Tweezers, in which a dielectric
particle is trapped by the gradient forces of a strong51

ly focused laser beam. 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 the scattering
forces. Advantages are the possibility to move large
samples along the beam over any distance and the
independence from special optics having high numerical aperture lenses. In the past few years different
systems for optical levitation have been set up, in
which the levitation of various particles have 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 Tetrahedral
Microscope an infrared laser (1064 nm, max. power
P=10W) will be used to manipulate the sample. This is
accomplished by making use of the tetrahedral geometry to push the particle from all four sides by collimated laser beams (Figure 1). Electronic position sensors and a feedback loop assure the controlled movement of the sample by modulating the intensity of
the four beams.
A device has been set up that splits the infrared laser
beam for trapping the sample into four components.
Each beam can be modulated in intensity by an acousto-optic modulator (AOM) and is fed into a fibre. Two
of the four outputs have been used to evaluate the
capabilities of optical forces in water. Since only optical levitation in air is well understood and extensively studied it was necessary to extend the basic optical
trap to aqueous media. We built a two-beam trap
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because it comes close to the conditions in the TM.
Figure 2 illustrates the concept. Two laser beams are
focused into a glass chamber. In between the two foci
small particles with a refractive index different from
the medium can be trapped. A microinjection device is
used to feed the particles into the trap. It was shown
that glass beads with a diameter of lO-30pm can be
trapped and moved along the common axis by modulating the beams' intensities. Each of the two beams
has a power of about 60mW in front of the water
chamber. The beams are still weakly focused to be
independent of a complex feedback system. Two
microscopes observe the chamber and allow imaging
of samples that cannot easily be studied in a regular
microscope. Figure 3 shows a trapped bead at two
magnifications. In the future, this two-beam trap will
be further extended and applied to study biological
samples. Several collaborations have been initiated.

beam 1

beam 2

water

1064 nm

Figure 2. Two-beam trap. Indicated are two infrared laser beams, which are focused by two lenses (f=25mm).

Optical scanning holography
Optical scanning holography (aSH) is a technique
that allows three-dimensional (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 (Figure 4). 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.
One 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.
Depending on the system configuration, the hologram
can encode either the amplitude or the intensity
response of the sample. This allows one to measure,
for example, refractive index variations in a sample
that would be practically undetectable using traditional transmission imaging (although these could

Figure 3. A view into the chamber with the two trapping beams indicated (left) and a trapped bead visualized with the microscope
(right). Strong interference of the two trapping beams scattered by the particle can be seen.
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Figure 4. aSH signal generation. An illumination pattern,

detector

created by the interference of coherent beams, is scanned across a
point object. The signal at the detector is proportional to the
intensity of the illumination pattern at the point object, which
varies as the illumination is scanned. The resulting detector
signal for a line-scan is shown; a 2D raster scan of the point
object produces a map of the illumination pattern. For spatially
extended objects, the detected signal is the sum of the signals
from all of the points in the object.

point object

been shown that, although in general OSH is restricted to thin samples, this condition can be relaxed in
non-refracting fluorescence samples, which are of
importance in biological microscopy.
The basic properties of structured illumination were
assessed both theoretically and experimentally. For
an illustration see Figures 5 and 6.

Photonic Force m.icroscopy
detector signal

position

also be imaged with traditional holography).
Conversely, with OSH one could image in a purely
incoherent mode, thus masking phase variations and
detecting only the intensity response of the object.
This latter 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 widely used for imaging fluorescence, but for thick samples requires axial scanning of
the sample or the imaging optics. Confocal and multiphoton microscopies can provide high-resolution,
optically sectioned, fluorescence images, but these

techniques require both axial and lateral scanning.
Incoherent OSH therefore can be of use in applications where 3D fluorescence data sets are desired, but
axial scanning is difficult or impossible.
The applicability of optical scanning holography
(OSH) to the field of microscopic imaging for biological applications was assessed. A generalized mathematical description of OSH that takes into account
polarization effects, high numerical apertures, and
generalized illumination wave fronts was developed.
This was used to show that the proposed single-beam
scanning technique relaxes the restrictions under
which OSH functions correctly, compared to the conventional double-beam scanning method. It has also
53

Manipulating particles (e.g. cells, vesicles or micro
spheres) without touching them has become a fascinating and important technique in cell biology. It is
accomplished by applying optical forces to the particles. Optical forces result from a momentum transfer
of incident photons onto the particle plus the dipoleforces generated inside the particle. An equilibrium of
these two effects leads to particle trapping. However,
randomly varying forces due to collisions with the
particle's environment (Brownian motion) cause the
object to randomly walk inside the trap. The captured
particle samples the whole trapping volume like a fly
trapped in a bottle. Although the extents of the "bottle" are fractions of the wavelength of light, the 3Dposition of the particle can be determined with some
nanometre resolution by analyzing the scattered light:
A quadrant-photodiode detector in the back focal
plane (BFP) of a condensor lens collects un-scattered
and forward scattered light. From the temporal position fluctuations of the particle, elementary driving
forces can be determined and with that parameters like
local viscosity or diffusion coefficients. These are the
main elements and principles of the Photonic Force
Microscope (PFM).
We developed a theoretical method to determine optical forces of arbitrarily shaped dielectric particles in
arbitrarily focused waves (Rohrbach & Stelzer, 2001).
A typical force distribution is shown as a result in
Figure 7. This calculation procedure was extended to
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Structured Illumination: Illustration
wide-field image

reconstructed image

3 structured illumination images, different phases
Figure 5. Illustration of resolution enhancement using structured illumination. The wide-field image has poor resolution in the lateral
direction. Three images are taken of the sample with an illumination fringe pattern in which the stripes are vertical. The position of the
fringes is shifted for each image. By combining these three images, a reconstructed image is produced in which the lateral resolution is
improved, compared to the wide-field image.
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simulate the influence of non-ideal, but experimentally
relevant conditions like spherical aberrations of the
focus or polarization effects (Rohrbach & Stelzer,
2002). We showed for example 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. Pulling a 216nm Latex bead in the direction of
the field polarization yields a force that is 25% smaller than the force acting in the perpendicular direction. In another theoretical study (Rohrbach & Stelzer,
2002) the influence of various non-ideal (experimentally relevant) trapping conditions on the accuracy of
the 3D position detection was analyzed. It was shown
that the detector partly compensates the polarization
effect in the optical trap. 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 this ultra fast
detector?
Combining all results and our knowledge about special effects in optical traps, we investigated the feasibility and accuracy of experiments with single molecules by computer simulations. 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 could be
shown for example that for the receptor-ligand system
the binding potential could be recovered by analysing
thermally induced transitions. These transitions were
made possible by diminishing the depth of the binding potential by adding the potential of the optical
trap, which increases the probability of unbinding.
The computer simulations revealed that continuous
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. The bead connected
to the kinesin undergoes specific position fluctuations
due to tethering at the surface (microtubule on coverslip) (see Figure 8). We investigated the influence of
both position and strength of the optical trap and of the
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detection system on the autocorrelation of the bead
fluctuations, which determine the force constant of
the kinesin (Rohrbach et al., 2001). For a range of trap
positions and strengths the spring constant of the
stalk-like molecule could be recovered within an accuracy of less than 20%. It is a future goal 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 together with Christian Tischer.
This new PFM was designed to offer more stability and
flexibility to a broad range of experiments.

Three-dilllensional therlllal noise
.
.
ImagIng
We developed a scanning probe microscope based on
optical tweezers for three-dimensional imaging of the
topology of transparent material in the nanometer
range (Tischer et al., 2001). A spherical nanoparticle
serves as a probe. An optical trap moves it through the
sample (e.g., a polymer network), while the position of
the particle center is recorded by three-dimensional
interferometry. Accessible volumes are reconstructed
from the histogram of thermal position fluctuations of
the particle. The resolution in determining the position
of surfaces in three dimensions is about 20 nm (Figure
9).

Single-beam trapping in front of
reflecting surfaces
We show that the optical trapping of dielectric particles by a single focused beam in front of a weakly
reflective surface is considerably affected by interference of the incident and reflected beams, which creates
a standing-wave component of the total field (Jonas et

spectra (log grayscale)
Figure 6. Demonstration of an actual resolution enhancement with structured illumination. The sample is composed of
lmm fluorescent beads; excitation at 543nm; detection above 570nm. Note the dramatically improved resolution along
one axis in the image on the right hand side.
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proper spindle positioning during such asymmetric
divisions using the one-cell stage C. elegans embryo as
a model system. We utilized a UV laser micro beam as
an in vivo microtubule-severing device to probe the
forces driving spindle positioning. Our results indicate
that extra-spindle pulling forces acting on the spindle
poles dictates spindle position along the anterior-posterior embryonic axis. Importantly, forces acting on the
posterior spindle pole appear more extensive than
those acting on the anterior one, thus explaining the
overall posterior spindle displacement that leads to the
asymmetric division of the wild-type one-cell stage
embryo.
Figure 7. Pseudo 3D plot
of the magnitude of the
optical trapping force
I F I in the yz-plane. The
calculation applies to a
216nm latex bead
immersed in water. The
force is mainly defined
by strong changes in the
lateral y-direction. The
modulation along z at y
= 0 leads to aforce
minimum at z a O.lflm,
which is the stable
trapping position
(indicated by the arrow).

al., 2001). We use the two-photon-excited fluorescence
from a trapped dyed probe to detect changes in the distance between the trapped probe and the beam focus
as the focus approaches the reflective surface. This
procedure enables us to determine the relative
strengths of the single-beam and the standing-wave
trapping forces. We demonstrate that, even for reflection from a glass-water interface, standing-wave trapping dominates, as far as 5 lJ-m from the surface.

Elllbryonic polarity controls
forces governing aSylllllletric
spindle positioning in the singlecell stage C. elegans elllbryo
Cell division during development in many cases generates daughter cells that differ not only in fate, but
also in size. We investigate the mechanisms that ensure
56

Quantitative ER - Golgi transport
kinetics
The integral membrane lectin VIP36 belongs to a family of lectins, conserved from yeast to mammals, trafficking in the secretory pathway. To examine the trafficking of VIP36, and its possibly transient association
with cargo-containing transport carriers along the
secretory pathway, we generated fusions of VIP36 and
different colors of fluorescent protein (FP), allowing us
to monitor VIP36 trafficking simultaneously with fluorescent secretory cargo and fluorescent recycling
transmembrane cargo receptors (TCRs) in live cells
(Figure 10). Our results indicate quantitatively that
VIP36 traffics with cargo only earI y in the secretory
pathway, separating at the level of the Golgi. At moderate expression levels, the dynamics of VIP36 are
consistent with recycling between the Golgi and ER,
and we show recycling directly using organelle-specific
photobleaching experiments, thus indicating that
VIP36 traffics similarly to other TCRs. Quantitation of
photobleaching recovery rates allowed us to measure
directly the separate rates for Golgi - ER and ER Golgi transport steps. A kinetic model, shown to be
successful in describing intercompartmental transport events within the secretory pathway, allowed us
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Figure 8. (Left) The protein (e.g. kinesin) is assumed to be a linear spring. It is tethered between a microtubule (attached to the coverslip) and a 216nm latex bead. The position and the strength of the optical trap

relative to the protein influence the force measurement. (Right) The temporally varying intensity signals at the detector are afunction of the particles 3D position. The position fluctuations in x, y and z provide
information about the mechanical constraints on the protein.

Figure 9. Three-dimensional thermal noise image recorded in an agar network with the Photonic Force
Microscope. The two views of the volume elements included by the probability isosurface represent
elements not accessible to the probing nano-particle.
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to derive kinetic transport parameters for separate
VIP36 ER - Golgi and Golgi - ER transport steps. Our
results provide the first direct measurements of the
transport of one of the rapidly recycling components
of the early secretory pathway. Altering the parameters

of the model, supported by comparison with previously published kinetic constants for secretory pathway components, and by experiments in which transport was pharmacologically perturbed to change the
kinetic parameters, leads to the hypothesis that appar58

ently large differences in steady-state intracellular
distribution may be generated by relatively subtle
differences in the rate-limiting steps for transport of
resident proteins.
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Microtubule d ynal11ics during
l11uscle tissue l11orphogenesis
(a collaboration with Luisa Pieroni, and
Eric Karsenti)
Microtubules playa key role in the organization of
myoblast cells into muscle tissue. We have established
a protocol for the observation of differentiating
myoblasts over a 24-hour period (Video 1). The cells
are maintained in a Bioptechs Focht Chamber System
(FCS2). A macro was developed for the CCC that
allows multiple fields-of-view to be imaged over long
time periods (hours), with the focus maintained using
an autofocus algorithm. We hope to observe the interaction of microtubules with other proteins in cells
that are elongating and fusing.

RER Protein Targeting
(a collaboration with Melissa Rolls)
The endoplasmic reticulum (ER) is divided into rough
and smooth domains (RER and SER). The two domains
share most proteins, but RER is enriched in some
membrane proteins by an unknown mechanism. We
studied RER protein targeting by expressing fluorescent protein fusions to ER membrane proteins in C. elegans. In several cell types RER and general ER proteins
co-localized, but in neurons RER proteins were concentrated in the cell body while general ER proteins
were also found in neurites. FRAP experiments performed on the CCC revealed that the mobility of both
types of ER proteins was comparable in the cell body,
indicating RER membrane proteins are not localized by
immobilization. Ribosomes were also concentrated in
the cell body suggesting they may be in part responsible for targeting RER membrane proteins.

FRAP used to study the dynal11ics
of the actin systel11 of
Dictyostelium discoideum during
cytokinesis
(a collaboration with Gunther Gerisch,
Jana Kohler, and Igor Weber, Max-PlanckInstitute of Biochemistry, Martinsried)

Video 1. Automated confocal fluorescence timeseries of YFPTubulin (green) and CFP-P50 Dynamitin (blue) in living
myoblast cells. The cells were kept alive and in focus for about
20 hours. (See CD-ROM for full access to this feature.)

The fast re-organization of the actin system in
Dictyostelium during cell motility and cytokinesis is
studied using automated Fluorescence Recovery After
Photobleaching (FRAP) experiments. Questions to be
addressed are: What are the turnover rates of filamentous versus monomeric actin at the leading edge,
at the polar regions, and in the cleavage furrow of
dividing cells? How does the dynamic of actin polymerization and depolymerization compare to the
exchange rates of actin-binding proteins at various
59

intracellular positions? What is the mechanism of cortexillin translocation to the cleavage furrow in
anaphase? A Fast-FRAP macro on the CCC has enabled
efficient data collection with sub-second time resolution, together with an automated preliminary analysis
and data summaries. Further analysis using a finitedifference approach to modeling is underway.

of NF-kB using FRET
l111CrOscopy
(a collaboration with Dr. Markus
Schwaninger, Neurologische
Universitatsklinik, Heidelberg)
NF-KB is activated in neurons by glutamate, the main
excitatory neurotransmitter. Activation of NF-KB may
contribute to
glutamate-induced damage.
Conventionally, activation of a transcription factor is
investigated by transfecting a reporter fusion gene
under transcriptional control of a binding site for this
transcription factor. However, expression of the
reporter gene takes some time (e.g. 6 h) and in the
meantime the cell dies of glutamate. To circumvent this
problem a quicker marker for activation of NF-KB is
needed. The initial step in the activation process is
the dissociation of NF-KB (containing p65) from its
cytosolic inhibitor IKB. This process, which occurs
within minutes, was visualized on the CCC using
Fluorescence Resonance Energy Transfer (FRET)
microscopy. With this technique we can perhaps
demonstrate that glutamate activates NF-KB, indeed,
and further characterize the activation by using
inhibitors of various signaling cascades and cotransfection of other genes. We plan to mutate IKB to see
which residues are necessary for the activation.
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The dynamic interplay between
chromosomal DNA and the
replication machinery in living
cells
(in collaboration with Nicolas Sadoni and
Daniele Zink, University of Munich)
In order to analyse the dynamic interplay between
the different partners involved in DNA replication,
we visualized replicated and nascent DNA, as well as
functional complexes of replication proteins, in living
BeLa cells. In contrast to the favored view, that only
DNA relocates during replication and is spooled
through stably positioned replication factories, we
show that DNA and the replication machinery relocalize to adjacent positions. In addition, the data
show that more than 90% of replication labeled DNA
foci are spatially and temporally stable. This result,
together with the finding that DNA is extruded from
prothe replication machinery in an aggregated
vides compelling evidence for the hypothesIs
chromosomes are organized into stable subunIts
equivalent to replication foci.
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Postdoctoral fellows: Stephane Brunet,
Monica Lopez*, Teresa Sardon*, Masatoshi
Takagi*,

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. Microtubules are polarized polymers whose organization can change in different cell types and during the cell cycle. Motors can
read microtubule polarity and move towards one end
or the other of the polymer therefore delivering cargoes
to specific subcellular domains. There is thus a cross
talk between microtubule spatial orientation in the
cell and specific transport events conducted by motors
leading to specific cellular functions. How microtubule orientation takes place, what motors can interact with them, how motors read microtubule polarity,
how motors interact with cargoes or cellular domains,
are therefore key issues to understand some basic
principles that govern cellular organization and morphogenesis (Vernos & Karsenti, 1995; Vernos &
Karsenti,1996).

PhD students: Celia Antonio, Mirco
Castaldi, Tobias Stauber*, Ann
Westerholm*

The role of TPX2 in spindle
assel11bly

Technician: Jeannette Seiler*

(Stephane Brunet, Teresa Sardon, Rebekka
Valsdottir, Malte Wittmann)

Vernos Team

Molecular motors
and their role
in intracellular
organization

Team Leader: Isabelle Vernos

Visitors: Virginie Esain, Carmen Perez,
Anne Teissier, Malte Wittmann
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A dramatic reorganization of the microtubule network during cell division lead 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 how it is
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achieved and controlled during cell division is thus one
of our goals. Some years ago we identified a kinesinlike protein, Xklp2 (Vernos et al., 1993; Boleti et al.,
1996) and showed that it is a plus-end directed motor
involved in the establishment of spindle bipolarity. The
striking localization of this motor at microtubule
minus-ends during mitosis moved us to study the
mechanism involved in its targeting. We found that the
dynein-dynactin complex was involved and we identified a novel microtubule associated protein that we
called TPX2 for Targeting Protein for Xklp2 that was
directly required (Wittmann et al., 1998). TPX2 turned
out to be a nuclear protein tightly localized to microtubule minus ends during mitosis and with an important role in spindle assembly. 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 al., 2000). Recent results from the Mattaj's group
have revealed that TPX2 is in fact directly involved in
triggering microtubule assembly around chromosomes
in Xenopus mitotic egg extracts in a ranGTP dependent
manner (Gruss et al., 2001). We are now trying to figure out how TPX2 triggers microtubule assembly and
if it does it alone or in association with other proteins.
Another aspect that we are interested in is the regulation of TPX2 by phosphorylation. We found previously that TPX2 is strongly phosphorylated in mitotic egg extract and further upshifted in SDS-PAGE
when polytmerized microtubules are present. 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 by adding them to egg extracts
depleted from endogenous TPX2 and monitoring spindle asssembly. Since we know now that TPX2 is
required for microtubule nucleation around chromosomes and that this is essential for spindle assembly in
egg extracts, we are using a RNAi approach in Hela
cells to test if microtubule nucleation around chro-
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mosomes is also required for spindle assembly in
dividing somatic cells.

The role of chrolllosollle
associated lllicrotubule
dependent lllotors during cell
division

Mitotic Chromosome Movements

(Celia Antonio, Mireo Castaldi)
Chromosomes and microtubules interact dynamically during cell division. These interactions play an
active role in spindle formation and trigger the movement of chromosomes, aligning them on the metaphase
plate and moving them synchronously towards the
spindle poles at 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 are less well
characterized although 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, Xklp1 (Vernos et al., 1993; Vernos et al., 1995). We
showed that Xklp1 is essential for the establishment of
the bipolar spindle and its stability. Recently, in collaboration with the group of Angel Nebreda in the
Developmental Biology Programme we have determined the function of another chromosome-associated kinesin-like protein, Xkid. Following spindle
assembly in Xenopus egg extracts depleted from Xkid,
Celia Antonio has shown that unlike Xklp1, Xkid is not
required for bipolar spindle formation but that it is
essential for chromosome alignment at the metaphase
plate. Thus the two kinesins located on chromosomes
that we have identified so far have very different functions in mitosis and it will be important to determine
how the properties of these two motors make them

Figure 1. Interactions between chromosomes and microtubules during mitosis. Microtubules emanating from one spindle pole are
captured by a kinetochore (top). The4 whole chromosome is pulled towards the attached spindle pole. Other forces generated by
microtubules interacting with chromosome arms push the chromosome back towards the spindle equator. Eventually chromosomes
congress at the equatorial plate (center) before chromatids migrate to the spindle poles (bottom).

function in such a different way. The absence of Xkid
gives a very severe chromosome misalignment phenotype that prevents chromosome segregation altogether. On the other hand Xkid activity has to be abolished probably by degradation at anaphase to allow
chromatid migration to the spindle poles. To understand further the functions of these two chromosome-
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associated motors we are currently working on the
identification of their interacting partners and studying their regulation by phosphorylation. Another
important goal is to determine if there are other motors
associated to chromosomes during cell division. Mirco
Castoldi has been working on the development of a
new screening method to look for motors and other
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proteins that may participate in microtubule chromosome interactions in mitosis.

KinesinII

Role of Kinesin II in l11el11brane
traffic
(Monica Lopez-Fanarraga, Tobias Stauber)

XKJ\.p

In interphase, microtubules originating from the centrally located centrosome irradiate towards the cell
periphery. They have determinant roles in intracellular movements and positioning of organelles (mitochondria, Colgi 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
kinesin-like protein that is one of the components of
the heterotrimeric kinesin II complex in Xenopus. We
have shown that Xklp3 activity is required for the
delivery of components from the ER to the Colgi apparatus (Le Bot et al., 1998) but we still do not know in
which step-of membrane traffic it functions. To try to
elucidate the precise function of kinesin II in membrane traffic we have generated new tools. In collaboration with the group of Andreas Hoenger in the
Structural Biology programme we have cloned the
other two subunits: Xklp3a and XKAP the non motor
subunit (DeMarco et al., 2001). We have raised antibodies against the non-motor subunit XKAP and our
preliminary results indicate that these antibodies label
small vesicles that align on MTs throughout the cell.
We have also performed transfection experiments with
constructs expressing CFP-tagged XKAP (full-length
and fragments) and we are trying to visualize the
movment of the motor in vivo.

Tllbuful

Figure 2. Kinesin II is a hetrotrimeric complex formed by two closely related kinesin like proteins (Xklp3a and Xklp3b) interacting
through a coiled coil region and a third non motor protein XKAP that interact with their C-terminal domain. Antibodies directed against
Xklp3b highlight the Golgi apparatus in Xenopus XL177 cells in culture. (See CD-ROM or on-line version for full colour graphic.)
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Intercellular signaling plays a central role in organizing spatial pattern in animal development. We make
use of the limbs of Drosophila as an experimental system in which to study these signaling processes. Three
major classes of signaling proteins play important
roles: Hedgehog, Wingless (Wnt) and Dpp (a BMP
family member). These proteins are expressed in localized domains, which serve as signaling centers in the
developing legs and wings. The proteins form longrange 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 2001
has focussed on studying the cell interactions that
lead to localized expression of the signaling proteins
in the limbs. Apterous is a transcription factor that
controls dorsal identity and establishes the signaling
center at the DV boundary of the wing (see sections
below). We continue to study leg development and
have identified the fly homologue of the transcription factor AP2 as an important regulator of joint formation.

Cell interactions at the dorsalventral cOlllpartlllent boundary
(Marco Milan)
Mechanisms to segregate cell populations play important roles in tissue patterning during animal development. Rhombomeres of the vertebrate CNS and
compartments in the ectoderm and imaginal discs of
Drosophila are examples in which initially homogenous populations of cells come to be separated by
boundaries of lineage restriction. Boundary formation depends in part on signaling between the distinctly specified cell populations that comprise compartments and in part on formation of affinity boundaries that prevent intermingling of these cell populations. We identified two transmembrane proteins with
leucine-rich repeats, known as Capricious and Tartan,
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that contribute to formation of the affinity boundary
between dorsal and ventral compartments during
Drosophila wing development. (Milan et al., 2001a)

Dorsal cell rate specification
(VIi Weihe, Marco Milan)
Drosophila limbs develop from imaginal discs that
are subdivided into compartments. Dorsal-Ventral
subdivision of the wing imaginal disc depends on
apterous activity in dorsal cells. Apterous protein is
expressed in dorsal cells and is responsible for (1)
induction of a signaling center along the Dorsal-Ventral
compartment boundary (2) establishment of a lineage restriction boundary between compartments and
(3) specification of dorsal cell fate. We identified the
homeobox gene msh as a target of Apterous. msh acts
downstream of Ap to confer dorsal identity in wing
development. (Milan et al., 2001b)

Regulation of Apterous activity
In VIVO
Apterous is a LIM-homeodomain protein that confers
dorsal compartment identity in Drosophila wing
development. Apterous activity requires formation of
a complex with a cofactor, Chip / dLDB. Apterous
activity is regulated during wing development by
dLMO, which competes with Apterous for complex
formation. We have found that complex formation
between Apterous, Chip and DNA stabilizes Apterous
protein in vivo. This stabilization contributes to regulation of Apteorus protein levels in vivo. Apterous
activity is regulated by competition with other proteins
for binding to its cofactor Chip. We found that a difference in the ability of Chip to bind the LIM domains
of Apterous and its competitor dLMO contributes to
regulation of activity levels in vivo. (Weihe et al., 2001)

EMBL 2001 Research Reports

AP-2 and joint forl11ation in leg
developl11ent
Flies mutant for the Drosophila homologue of the
mammalian transcription factor AP-2 show a severe
reduction in leg length and fail to develop joint structures. Presumptive joint cells express dAP-2 in
response to Notch signaling. dAP-2 is required for
joint cell differentiation and can induce formation of
supernumerary joints when misexpressed. Although
dAP-2 is only expressed in presumptive joint cells,
its activity is required to support cell survival in the
entire leg segment. Our data indicate that dAP-2 is an
important mediator of Notch activity in leg development. (Kerber et al., 2001)
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In many organisms, the first steps of embryonic development occur before the onset of transcription and
are regulated by mRNAs and proteins produced by the
mother and prelocalized in the egg. In Drosophila,
establishment of the embryonic axes relies on the prior
localization, within the oocyte, of three mRNAs, bicoid,
gurken and oskar, the determinants of the anterior,
dorso-ventral and posterior structures of the embryo
(REF). At the posterior pole of the oocyte, oskar activity induces formation of a specialized cytoplasm,
called pole plasm or germ plasm, containing the determinants of the germline and of the abdomen. Correct
localization of Oskar at the posterior pole is essential, both its absence and its ectopic presence in the
oocyte result in severe patterning defects in the embryo
(Ephrussi et al., 1991; Ephrussi and Lehmann, 1992).
Consistent with this need for precise localization,
expression of Oskar activity is tightly controlled

oskar is localized as an mRNA to the posterior pole of
the oocyte. oskar 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 (for a review, see Riechman and
Ephrussi, 2001). Prior to its localization to the posterior
pole of the oocyte, oskar mRNA is translationally
repressed via RNA elements, the Bruno Response
Elements (BREs) located within the 3' VTR of the
mRNA, which bind the ovarian RNA-binding protein, Bruno. Bruno has been shown to repress oskar
mRNA translation in vitro, demonstrating its direct
role as a translational repressor (Castagnetti et al.,
2000). When oskar mRNA reaches the posterior pole, its
translation is derepressed by an active process requiring a translational derepressor element in the 5' region
of oskar mRNA (Gunkel et al., 1997). The derepressor
element only functions at the posterior pole, suggesting that a locally restricted interaction between transacting factors and the derepressor element may be
the link between mRNA localization and translational activation. Thus, the coupled regulation of oskar
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mRNA localization and translation in time and space
ensures that Oskar activity is present exclusively at the
posterior pole of the oocyte and embryo.

A require111ent for the exonjunction c0111plex protein Y14 in
oskar 111RNA localization
Recent results have raised the possibility that mRNAs
may acquire within the nucleus their competence to be
localized in the cytoplasm. During Drosophila oogenesis, the predominantly nuclear shuttling protein,
Mago-nashi, is thought to playa direct role in oskar
mRNA posterior transport and colocalizes with oskar
mRNA at the posterior pole.
Interestingly, the human homolog of Mago-nashi, was
shown to interact with Y14, a novel RNA binding protein. Y14 is a nuclear protein able to shuttle to the
cytoplasm, recruited to messenger RNAs, upstream of
exon-exon junctions, upon splicing. Y14 and other
proteins of the so-called Exon Junction Complex (EJC)
have been proposed to serve as a landmark, deposited on mRNAs, that might influence their cytoplasmic fate: nuclear export, nonsense-mediated decay,
cytoplasmic localization or translational control.
However, no clear involvement of Y14 in such processes was demonstrated.
We have shown that Drosophila Y14 and Mago-nashi
interact in vitro and in oocyte extracts (Hachet and
Ephrussi, 2001). Antibody staining reveals that, like
Mago-nashi, Y14 is a predominantly nuclear protein
that shuttles out of the nucleus to the cytoplasm where
it colocalizes with oskar mRNA and associated proteins
at the posterior pole of the oocyte. In y14 mutants,
oskar mRNA posterior localization is specifically affected, and the mRNA remains uniformly distributed
throughout the oocyte. The overall organization of
the cytoskeleton seems normal in these y14 mutants,
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indicating a direct role of the shuttling protein Y14 in
oskar mRNA transport. Hence, it appears that assembly of the oskar mRNA localization complex may begin
with the association of EJC proteins with oskar mRNA
in the nucleus upon splicing, followed by the association of additional oskar mRNA-specific proteins,
resulting in its targeting to the posterior pole.

Par-l kinase phosphorylates Osk
protein and is required for its
accumulation
Par-ljMARK-l kinase plays an important role in the
establishment of polarity in the C. elegans embryo and
in mammalian epithelial cells. MARK-l kinase has
been shown to phosphorylate microtubule-associated
proteins leading to destabilization of the microtubules.
In C. elegans, Par-l 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-l
protein becomes localized to the posterior cortex of the
I-cell C. elegans embryo. These features of Par-l kinase
led us to ask whether a homolog exists in Drosophila
and whether it is involved in polarization of the
Drosophila oocyte and in local translational control.
Antibodies raised against Drosphila Par-l show the
protein is distributed throughout the developing
Drosphila oocyte during the early stages, and localized
at the posterior pole during the later stages of oogenesis. Drosophila par-l mutants show defects in localisation of oskar mRNA. In these mutants, oskar is frequently mislocalized to the center of the oocyte, indicating a defect in organization of the microtubule
cytoskeleton. As a result, embryos produced by par-l
mutant mothers develop abdominal defects and fail to
form germ cells. These results indicate a conserved role
of Par-l kinase in the establishment of embryonic
polarity (Tomancak et al., 2000)

An additional role of Par- 1 protein is suggested by its
localization to the posterior pole of the oocyte late in
oogenesis. Par-l colocalizes at the posterior pole with
Oskar protein, suggesting a role of the kinase in pole
plasm formation. Consistent with this, females bearing mild mutations in par-l, which allow normal oskar
mRNA localization, accumulate only low levels of
Oskar protein and produce embryos bearing a reduced
number of pole cells. It has been shown that Osk is a
phosphoprotein, but the kinase that phosphorylates
Osk has been unknown (Markussen et al., 1997). To test
whether Par-l could be this kinase, we have purified
recombinant Par-l and shown that Oskar protein is a
direct target of Par-l kinase in vitro. This is confirmed
by the fact that overexpression of Par-l in ovaries
causes an increase in Osk phosphorylation. Hence,
Par-l phosphorylates Oskar both in vivo and in vitro.
We are currently investigating the relationship between
phosphorylation and accumulation of Osk protein.

Anchoring the posterior
determinant to the oocyte cortex
During oogenesis, oskar RNA is localized and exclusively translated at the posterior pole of the oocyte,
where Oskar protein recruits all the components necessary for establishment of posterior embryonic structures and of the germ-line. Restriction of Oskar activity to the posterior pole of the oocyte is essential, as its
ectopic expression causes severe anterior patterning
defects. This suggests that, once translated, Oskar
must be tightly anchored to the posterior cortex of
the oocyte. We carried out a two-hybrid screen for
Oskar-interacting proteins and identified the Drosophila
homolog of mammalian Lasp-l, which contains LIM
and SH3 domains, as well as actin-binding Nebulin
repeats. Drosophila Lasp binds to Oskar through its
SH3 domain and to actin filaments via its Nebulin
repeats. During oogenesis, Lasp is localized to the
oocyte cortex, colocalizing with actin all around the
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cortex and with Oskar at the posterior pole. Oskar
expressed ectopically, throughout the egg chamber,
localizes to the entire oocyte cortex, indicating that
Oskar can be anchored at any cortical site, consistent
with a role of Lasp as an adapter protein in Oskar
anchoring. We are currently investigating the effect of
mutations in lasp on Oskar anchoring.
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Protein-tyrosine kinase receptors (RTKs) are important
components of the signal transduction machinery controlling cell growth, differentiation and survival.
Developing embryos require signaling by RTKs at
almost any phase of ontogeny, including gastrulation,
patterning, organogenesis and neurogenesis. Our studies focus on the role of RTKs and their ligands during
the developing nervous system, particularly their
involvement in the regulation of cell migration, the formation of neuronal networks and neuronal cell death.
During 2001, the lab has continued to explore the
mechanisms of action of RTKs in the mouse system in
an attempt to correlate certain biological functions
with signal transduction events. In the summer of
2001, the lab moved to the Max-Planck Institute of
Neurobiology in Martinsried near Munich. Three senior postdocs started their independent groups in academic institutions: Ralf Adams was appointed group
leader at Imperial Cancer Research Fund, 44 Lincoln's
Inn Fields, London, UK; Flavio Maina was appointed
group leader at INSERM U.382, IBDM, Campus de
Luminy, Marseille, France; Liliana Minichiello was
appointed team leader at EMBL Monterotondo near
Rome, Italy.

The Trk faITlily of neurotrophin
receptors
(L. Minichiello, A. Postigo, A. Porthin, E.
Kramer)
During development of the vertebrate nervous system,
many peripheral neurons depend for their survival on
neurotrophins synthesized by the tissues that they
innervate. The effects of neurotrophins are mediated
by the Trk family of receptor tyrosine kinases
(TrkA/B/C). The two neurotrophins brain-derived
neurotrophic factor (BDNF) and neurotrophin-4 (NT4)
bind with equal affinity and activate a single receptor,
TrkB. To elucidate the intracellular signaling pathways that mediate the diverse effects of BDNF and
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NT4 in vivo, we had mutated in the mouse germline the
Shc binding site in the trkB gene (trkBShc mice). In
1998, we had observed that neurons, which depend for
survival on NT4, died while the majority of those that
depend on BDNF survived in trkBShc mutant mice.
(Minichiello et al., 1998). In 2001, we have continued
our efforts in dissecting the intracellular network
downstream of TrkB in vivo. Additional signaling
mutants of TrkB have been introduced into the mouse
germline by the knock-in technology to address the
role of other signaling pathways in BDNF and NT4
responses. These include TrkB receptors carrying multiple effector site mutations, such as Y to F point mutations, in the juxtamembrane Shc and C-terminal PLCg
sites (Minichiello et al., manuscript in preparation). In
addition, we have mutated the Shc binding site in the
trkC gene (trkCShc mice) to study the effects on a distinct group of sensory neurons, which require the
TrkC ligand NT3 for survival. We found that TrkB
and TrkC promote survival of sensory neurons mainly through Shc site-independent pathways, whereas
the regulation of target innervation was different
between TrkB and TrkC: in trkBshc/shc mice, neurons
lose target innervation, whereas in trkCshc/shc mice the
surviving TrkC-dependent neurons maintain target
innervation and function (Postigo et al., 2002).

HGF /Met receptor signaling in
developITlent
(F. Helmbacher, G. Pante)
Our work on the hepatocyte growth factor (HGF)
receptor, the Met tyrosine kinase, revealed a critical
requirement for HGF /Met in the development of muscle and led to the identification of the Grb2 adaptor
binding site on the Met receptor as an important component of Met signaling for muscle formation, but not
for axonal outgrowth of sensory neurons (Maina et
al., 1996; reviewed in Maina and Klein, 1999). To fur-
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ther dissect Met signaling in vivo, we have generated
a panel of knock-in mutant mice carrying different
Met mutant receptors. These receptors contain either
loss- or gain-of-function point mutations for single
pathways, or lack the ability of signaling except for one
single pathway. We replaced the multifunctional docking site of Met with specific binding motifs for phosphatidylinositol-3-kinase, Src tyrosine kinase, or Grb2
(Met 2P , Met2S, Met 2G , respectively). All three mutants
retained normal signaling through the multiadaptor
Gab1, but differentially recruited specific effectors.
While Met 2G mice developed normally, Met 2P and
Met 2S mice were loss-of-function mutants displaying
different phenotypes and rescue of distinct tissues.
These data indicate that RTK-mediated activation of
specific signaling pathways is required to fulfill cellspecific functions in vivo (Maina et al., 2001). In collaboration with the group of Wilhelm Ansorge at
EMBL, we have begun to study the transcriptional
response elicited by Met signaling in cultured cells
using eDNA micro array technology.

Roles of Eph receptor tyrosine
kinases in axon guidance and
plasticity
(I. Grunwald, K. Kullander, T. Iwata, L.
Dolce, F. Diella, A. Mishra)
Axon guidance during the development of the nervous
system is controlled by both soluble (long range) and
surface-bound (short range) cues located in the trajectories of navigating axons. The Eph family of receptor tyrosine kinases and their cell-surface bound ligands, the ephrins, have been implicated in short range
control of axon guidance during retinotectal map formation and in guidance of commissural axon projections across the midline (for review see Holder and
Klein, 1999). Both genetic and biochemical evidence
suggest that transmembrane ephrinB ligands are also

actively involved in signaling during axonal pathfinding.
The EphA4 receptor tyrosine kinase is required for
the formation of two major axon tracts, the corticospinal tract (CST), a pathway controlling voluntary
movements, and of the anterior commissure (AC),
connecting the neocortical temporal lobes. Thus far, the
contribution of EphA4 kinase signaling in these
processes remained obscure. By knock-in mutagenesis
in mice, we now demonstrated that EphA4 has a cell
autonomous role in CST formation as a receptor for
which it requires an active kinase domain (Kullander
et al., 2001a). Mice expressing point mutants of EphA4
with severely downregulated kinase activity show
abnormal hind limb locomotion and aberrant CST
axon projections. In contrast, the sterile-alpha motif
(SAM) domain, present in the cytoplasmic region of all
Eph receptors and previously suggested to serve as
dimerization domain, is not required for EphA4 functions. The formation of the AC is completely rescued
by a kinase-dead mutant of EphA4, suggesting that in
this structure EphA4 acts as a ligand for which its
kinase activity is not required. Our findings established both kinase-dependent and kinase-independent
functions of EphA4 in the formation of major axon
tracts (Kullander et al., 2001a). The corticospinal and
walking defects in ephA4 mutant mice resemble mice
lacking the ligand ephrinB3, which binds EphA4 as
well as other EphB receptors. EphrinB3 is expressed at
the spinal cord midline and induces growth cone collapse of EphA4-expressing cortical neurons in culture
(Kullander et al., 2001b). These findings suggest that
the binding of EphA4-bearing axonal processes to
ephrinB3 at the midline provides the repulsive signal
that prevents corticospinal tract projections from
recrossing the midline in developing spinal cord.
A recent study (Dalva et al. 2000) provided evidence for
ephrins and Ephs to be involved in the process of
synapse formation and function. Greenberg and coworkers showed that the extracellular domains of the

74

EphB2 receptor and the NR1 subunit of NMDA-type
glutamate receptors interacted in primary neurons
and that ephrinB stimulation of cultured neurons
resulted in co-clustering of EphB with NMDA receptor channels (reviewed in Klein, 2001). Based on these
and earlier observations, we hypothesized that EphB2
receptors may regulate synaptic plasticity and that
absence of EphB2 may influence animal behavior. We
found that in mice deficient for EphB2 (Henkemeyer
et al., 1996) the interaction with NMDA receptors was
lost and that this biochemical deficiency correlated
with impaired synaptic plasticity at CAl hippocampal
synapses (collaboration with T. Bonhoeffer's lab, MPI
Neurobiology, Martinsried). Moreover, EphB2-deficient mice performed poorly in hippocampus-based
learning paradigms, suggesting that EphB2 signaling
at glutamatergic synapses is required for synaptic
plasticity during processes of learning and memory
(Grunwald et al., 2001; News&Views by Anirvan Gosh,
2002; minireview by Murai and Pasquale, 2002).

Roles of Eph receptor tyrosine
kinases in vascular developm.ent
(R. Adams, A. Palmer, G. Wilkinson, M.
Zimmer)
In an effort to obtain genetic evidence for ephrin signaling, we had knocked out ephrinB2 gene function in
mice. Mice lacking ephrinB2 showed defects in blood
vessel formation and died in utero before embryonic
day 11.5 (E11.5). While the formation of the primitive
vascular plexus, defined as vasculogenesis, proceeded normally in ephrinB2- / - mutant embryos and yolk
sacs, remodeling into the mature vascular system, a
process that requires angiogenesis, was severely
impaired. (Adams et al., 1999; reviewed in Adams &
Klein, 2001). We decided to use this rather strong
defect to address the issue of 'reverse' ligand signaling
in this system. Mutant mice were generated which
carry a knock-in ephrinB2 gene, which encoded either
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a controt full-length ligand (ephrinB2 WT ), or a carboxyterminally truncated
ligand. The
latter mutant was likely to activate 'forward' signaling
by Eph receptors, but not 'reverse' signaling due to the
absence of its cytoplasmic domain. While homozygous ephrinB2 WT / WT animals were viable and fertile,
loss of the ephrinB2 cytoplasmic domain resulted in
midgestation lethality similar to ephrinB2 null mutants
(ephrinB2 KO ). In a comparison of ephrinB2DC and
ephrinB2 KO mutants, we found that the truncated ligand was sufficient to restore guidance of migrating cranial neural crest cells, which was defective in the
ephrinB2 knockout. In contrast, in the developing vasculature,
embryos showed defects in
vasculogenesis and angiogenesis very similar to those
observed in ephrinB2 KO / KO animals. Our results
demonstrate that the cytoplasmic domain of ephrinB2
is required for vascular morphogenesis but not cranial
neural crest migration and therefore indicate distinct
requirements of functions mediated by the ephrinB carboxyterminus for developmental processes in the vertebrate embryo (Adams et al., 2001).
The ability of transmembrane ephrinB ligands to act as
receptorlike signaling molecules at least partially
depends on events mediated by tyrosine phosphorylation. In 2000, we have shown that Src family kinases (SFKs) were activated in ephrinB-expressing cells
upon engagement of ephrinB ligands with EphB receptors. SFK activity was required for tyrosine phosphorylation of the ephrinB cytoplasmic tail and for
ephrinB-mediated angiogenic sprouting of primary
endothelial cells. Our findings identified SFKs as
important mediators of ephrinB phosphorylation and
implicated SFKs in ephrinB reverse signaling (Palmer
et al., submitted).

Additional research and
collaborations
The discoidin domain receptor 2 (DDR2) is a member
of a subfamily of receptor tyrosine kinases whose ligands are fibrillar collagens, and is widely expressed in
postnatal tissues. We have generated DDR2-deficient
mice to establish the in vivo functions of this receptor,
which have remained obscure. These mice are dwarfed
and exhibit shortening of long bones. This phenotype
is due to reduced chondrocyte proliferation, rather
than aberrant differentiation or function. In a skin
wound healing modet DDR2-/ - mice exhibit a reduced
proliferative response compared to wild-type littermates. In vitro, fibroblasts derived from DDR2- /mutants proliferate more slowly than wild-type fibroblasts, a defect that is rescued by introduction of wildtype but not kinase-dead DDR2 receptor. Together
our results suggest that DDR2 acts as an extracellular
matrix sensor to modulate cell proliferation (Labrador
et al., 2001). With the help of the EMBL transgenic
service we had created a transgenic mouse line, in
which the Cre recombinase was driven by an early
neural promoter (nestin-Cre). In collaboration with
Vli Muller's laboratory at the Friedrich-MiescherInstitute in Basel, we generated mice lacking all
class integrins in neurons and glia. The phenotype of
the b1-deficient mice resembles pathological changes
observed in human cortical dysplasias, suggesting
that defective integrin-mediated signal transduction
contributes to the development of some of tl;1ese diseases (Graus-Porta et al., 2001).
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We are studying the meiotic maturation of Xenopus
oocytes, which are cells naturally arrested at the G2/M
border of the first meiotic division. Incubation of the
oocytes with progesterone triggers entry into M-phase
of meiosis, a process that 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, for example p42 MAP kinase, are
also involved in somatic cell proliferation and differentiation. In contrast with these processes however,
progesterone-induced 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 Band
the Cdkl protein kinase that triggers entry into Mphase of the cell cycle (both in mitosis and meiosis) in
eukaryotic cells. We are also interested in signal transduction by MAP kinases in a more general context
and we are studying the mechanisms of activation
and role of different members of the p38 subfamily of
MAP kinases.

Technician: Emma Black
Visitors: Thomas Bechtold, Cornelius
Fritsch, Florian Hennersdorf, Anthi
Karaiskou, Chiara Molinari, Anna Maria
Musti, Naomi Sandler
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Regulation of ll1eiotic ll1aturation
byPKA
The cAMP-dependent protein kinase (PKA) has long
been known to be a potent inhibitor of oocyte maturation, but little information is available on how PKA
functions in the oocyte. We have cloned the a and isoforms of the PKA catalytic subunit from a Xenopus
oocyte cDNA library. XPKAa and
are 89%
identical and both inhibit progesterone-induced meiotic maturation when overexpressed at low levels,
suggesting that PKA activity is tightly regulated in
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the oocyte. Unexpectedly, catalytically inactive PKA
mutants are able to block progesterone-induced maturation as efficiently as the wild-type active PKA.
These mutants also block meiotic maturation induced
by Mos, an activator of the p42 MAP kinase pathway,
but are less efficient at inhibiting maturation induced
by the phosphatase Cdc25C. Moreover, PKA mutants
that are unable to bind endogenous PKA inhibitors,
such as the PKA regulatory subunits or the natural
heat-stable protein kinase inhibitor PKI, are still able
to inhibit meiotic maturation independently of their
catalytic activity. These results indicate that PKA can
inhibit meiotic maturation by a novel mechanism,
which does not require its kinase activity and is also
independent of binding to the PKA regulatory subunits. Thus, PKA may maintain the G2 arrest of
Xenopus oocytes by binding to and sequestration of a
protein or proteins rather than by phosphorylating
them. The observation that a small increase in the
amount of PKA potently blocks meiotic maturation
suggests that the PKA-interacting protein is present in
a limited amount in the oocyte.
We have investigated the phosphorylation of histone
H3 during oocyte maturation. Histone H3 phosphorylation has been associated with chromosome condensation during mitosis and meiosis in some systems. We found that histone H3 is normally phosphorylated on SerlO when oocytes enter GVBD (meiosis I) at the time of p42 MAP kinase and Cdkl / cyclin
B activation. However, only activation of the p42 MAP
kinase/p90 Rsk pathway but not Cdkl/cyclin B, is
required for phosphorylation of histone H3 during
meiotic maturation. We have also found that overexpression of PKA in Xenopus oocytes leads to efficient
SerlO phosphorylation of histone H3. This phosphorylation correlates with nuclear localisation of PKA but
does not cause chromosome condensation. Moreover,
overexpression of PKA in G2-arrested oocytes does not
stimulate the major histone H3 kinase activity detected in mature oocytes, suggesting that PKA can directly phosphorylate histone H3. Our results suggest that
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histone H3 phosphorylation alone is not necessarily
followed by chromosome condensation and cannot
be used as a marker for M-phase entry.

RINGO, a novel Cdk-activator
that triggers ll1eiotic ll1aturation
We have identified a novel Cdkl regulator named
RINGO (Rapid INducer of G2/M progression in
Qocytes) that plays an important role in the meiotic cell
cycle of Xenopus oocytes. RINGO can bind and activate
monomeric Cdkl, but has no amino acid sequence
homology to cyclins, the typical regulatory and activating subunits for most Cdks. We have investigated
the biochemical mechanisms that regulate Cdk1 activation by RINGO. We found that phosphorylation of
the conserved Thr located in the T-loop (Thr16l) is not
required for full activation of Cdkl by RINGO, in contrast with Cdkl/cyclin complexes that should be phosphorylated on Thr16l for full enzymatic activity. We
also found that recombinant RINGO can directly stimulate the kinase activity of bacterially produced Cdk2.
The activation of Cdk2 by RINGO is also independent
of Thr160 phosphorylation (equivalent to Thr161 in
Cdkl). These results suggest that RINGO binding may
mimic the conformational change induced on Cdkl
and Cdk2 upon Thr160/161 phosphorylation.
Moreover, RINGO-bound Cdkl and Cdk2 are both
less susceptible to Cdk inhibitory subunits such as
p21Cipl, while inhibitory phosphorylation on the catalytic cleft-located Thr14 and Tyr15 residues by Mytl
can negatively regulate the activity of Cdkl/RINGO
with reduced efficiency. The ability of Cdk/RINGO
complexes to be potentially active under conditions
where cyclin-bound Cdks are inhibited, for example in
the presence of p21Cipl or Thr160/16l phosphatases,
suggest that they can play different regulatory roles.
These findings confirm the properties expected for
RINGO to have a triggering role in the activation of the
meiotic cell cycle in Xenopus oocytes. The

Cdkl/RINGO complexes would be poor substrates
for Mytl, the kinase that phosphorylates Cdkl on
Thr14/Tyr15 and is probably responsible for the maintenance of Cdkl / cyclin B complexes inactive in G2arrested oocytes. Moreover, Cdkl/RINGO complexes
can be active in the absence of Thr phosphorylation in
the T-loop and can therefore bypass negative regulation by Thr161 phosphatases potentially present in
the oocyte, such as PP2C. Thus, the RINGO-activated
Cdkl and/ or Cdk2 generated in response to progesterone would not be affected by negative regulators
present in the oocyte and would be able to trigger the
maturation process.
We have found that endogenous RINGO accumulates
in the oocyte upon progesterone stimulation and peaks
at about the time of GVBD (meiosis 1)/ although the
concentration of RINGO in the oocyte seems to be
quite small. An important question that we want to
understand is how the accumulation of the RINGO
protein is regulated during meiotic maturation, both
at the level of mRNA translation and protein stability.
We have also found evidence that the RINGO-activated signal may synergy with the p42 MAP kinase
pathway for the induction of oocyte maturation. We
are investigating the molecular basis for this observation.
We have identified and cloned four mammalian
RINGO genes, suggesting the existence of a RINGO
protein family. The mammalian RINGO proteins are
45-65% identical to Xenopus RINGO in a stretch of
about 100 amino acids that we called the RINGO
"core". Preliminary experiments with three of the
mammalian RINGO proteins confirmed that they can
bind and activate Cdk1 and Cdk2 in vitro and in
Xenopus oocytes. Interestingly, the mammalian RINGO
proteins differ in their ability to trigger Xenopus oocyte
maturation, suggesting that they are likely to have
different biological roles.
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Signalling by p38 MAP kinases
MAP kinases are signalling intermediaries that allow
eukaryotic cells to interpret and respond to many different stimuli. The p38 MAP kinase pathway has been
traditionally associated with the stress and immune
responses and more recently with the regulation of cell
proliferation, apoptosis and some differentiation
processes. Four different p38 MAP kinases have been
cloned and named p38a,
p38y and p388. These
four proteins are 57-73% identical in their amino acid
sequences and are all phosphorylated and activated by
the MAP kinase kinase MKK6. We found that p38a is
more susceptible to activation by MKK6 than the other
p38 MAP kinase isoforms, as demonstrated by the
differential ability of low levels of MKK6 to specifically
activate only p38a, whereas higher MKK6 levels can
activate all p38 MAP kinases. These findings suggest
a mechanism for the specific activation of p38 MAP
kinases depending on the level of MKK6 activity triggered by a given stimulus.
We have generated p38a MAP kinase-deficient mice by
targeted gene disruption. The loss of p38a results in
embryonic lethality at around EIO.5 mainly due to a
placental defect. We have used the p38a- / - embryos to
derive cell lines deficient in p38a expression and we
are studying the role of this pathway in the proliferation and survival of various cell types. We have also
investigated changes in the levels of other p38 MAP
kinase isoforms and their activators in the absence of
p38a. We found that p38y is upregulated in some
p38a- / - cell lines. Moreover, the absence of p38a correlates with an increased level of the upstream kinase
MKK6 in several cell types. Interestingly, reintroduction of p38a in the p38a- / - cells can reduce the MKK6
protein concentration to the level observed in wildtype cells. We are investigating the regulation of MKK6
expression by p38a both at the transcriptional and
post-transcriptional levels.
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We are investigating the role of p38 MAP kinases in cell
cycle regulation and found that overexpression of a
constitutively active MKK6 mutant in oocytes accelerates progesterone-induced oocyte maturation. The
MKK6 effect correlates with the phosphorylation of
endogenous p38 MAP kinases in the oocyte but is not
affected by an inhibitor specific for the p38a and p38
isoforms. We have cloned Xenopus p38y and found
that co-expression of MKK6 with Xp38y (but not with
p38a or
can induce oocyte maturation in the
absence of progesterone stimulation. We are investigating the mechanisms underlying the positive effect
of p38 MAP kinases in the meiotic G2/M phase transition. We are particularly interested in the interplay
between p38 MAP kinases and p42 MAP kinases during oocyte maturation.
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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.
Understanding cell migration is also important for
cancer biology, as uncontrolled migration underlies
tumor cell metastasis.
To analyze cell migration at the molecular and cellular level in vivo, we are 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. This stereotypic migration is essential for oogenesis, allowing us to
do genetic screens to identify genes important for cell
migration in vivo.

Guiding border cellllligration:
cues, receptors and downstrealll
signaling
(P. Duchek, G. Jekely, K. Somogyi,
S. Beccari)
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To identify guidance cues for border cell migration, we
performed a large scale screen for genes that inhibit
proper migration when expressed uniformly in the
target tissue (germline of the ovary). Two different
secreted ligands that non-autonomously affect border cell migration were identified in the screen. One of
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these is a ligand for the Drosophila EGF receptor.
Further analysis showed that signaling mediated by
the EGF receptor (EGFR) guides dorsal migration of
border cells (second phase of their migration). The
TGFa-like ligand Gurken appears to serve as the guidance cue. (Duchek and R0rth 2001).
The second ligand identified in the screen encodes a
protein with similarity to the PDGF- and VEGF- families of secreted signaling molecules. We call the protein PVF1 and have identified the receptor for this
secreted molecule which we call the PDGF jVEGF
receptor (PVR). We found that PVR and EGFR together guide the initial, posterior migration of border cells
and, surprisingly, are largely redundant for this function. We also found evidence that PVR influences the
actin cytoskeleton (leads to F-actin accumulation) by
signaling through the conserved MbcjCOCK180j
CED-5 pathway to Rae. Effects on this pathway may,
at least in part, explain PVR's ability to guide cell
migration. (Duchek et al., 2001).
We are continuing to investigate signaling events
downstream of the two guidance receptors, PVR and
EGFR, at the biochemical and cellular level (C. Luque).

Sprint and border cellllligration.
(G. Jekely)
We have identified the Drosophila homologue of RIN1,
called sprint, for SH2, 12oly-proline containing Ras
interactor. The gene is quite large and encodes two isoforms with distinct N -termini. Both isoforms are
expressed in a dynamic pattern during development
(Szabo et al., 2001).
We have isolated loss-of-function mutation in the
Sprint gene and found that it is required for border cell
migration. The molecular action of Sprint is being
investigated.
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An inducible transcription factor, STAT, is required for
border cell migration.

(S. 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 JAKjSTAT
pathway is required in border cells for their migration.
The activating ligand for the pathway, Unpaired, is
expressed in polar cells. 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 Slbo. However, Stat92E mutant cells still
express normal levels of Slbo protein, thus Stat92E
must regulate other targets critical for border cell
migration.

Posterior migration

p

Figure 2. Effect of an activated form of the PDGFjVEGF receptor (PVR) on the actin cytoskeleton. Cells expressing the activated
receptor are marked with GFP (green) and F-actin is stained with phalloidin (red). (See CD-ROM for full colour graphic.)

Other projects in the lab
D

Dorsal migration

v
Figure 1. Guidance of border cell migration. Border cells first
migrate posterior to the oocyte, then dorsally toward the GV
Guidance cues for the two parts of the migration are indicated on
the right, see text.

(S. Beccari, K. Somogyi)
Identification of genes which affect border cell migration: We are using candidate gene approach and forward genetic screens to identify and analyze other
genes which have a role in border cell migration

(A. Pacquelet)
Cell adhesion and migration: We have identified a
gene which dominantly blocks border cell migration,
apparently by affecting cadherin-dependent adhe81

sion. We are investigating how this effect is mediated
at the molcular level, as well as the normal control of
cadherin dynamics in border cells

(L. Teixeira)
CjEBP targets: CjEBP (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
CjEBP in the embryo, we are taking a "genomics
approach", so far using DNA microarrays of Drosophila
cDNAs.
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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.

Phosphorylation and structurebased functional studies on the
activation loop of the c-Abl
tyrosine kinase

Src and AbI are prototypic tyrosine kinases with oncogenic potential and use a combination of protein interaction and phosphorylation to regulate their activity
in the cells. In both enzymes, the catalytic domain is
preceded by an SH3 and an SH2 domain.
Intramolecular SH3 domain engagement confers inhibition to the catalytic domain of the cellular forms of
these enzymes. Based on the crystal structures of inactive c-Src and of the catalytic domain of c-Abl bound
to an inhibitor, we have analyzed the requirements for
regulation of Src and Abl. In both enzymes, the activation loop plays a dual, central role. It is required for
activity as well as for regulation. Activation loop phosphorylation mainly occurs by autophosphorylation
in a trans mechanism. Interactions of the activation
loop with the aC-helix of the catalytic domain couple
conformation of the loop to the conformation of the catalytic domain. Because of the cross-talk between the
catalytic and regulatory domains, once active, these
enzymes becomes less prone to regulation, suggesting
a positive feed-back loop on their activity. In Src, phos-

c-Abl is a nuclear and cytoplasmic tyrosine kinase
involved in a variety of cellular growth and differentiation processes. In contrast to its oncogenic counterparts, like BCR-Abl, c-Abl is not constitutively tyrosine phosphorylated and its catalytic activity is very
low. We have found that tyrosine phosphorylation of
endogenous c-Abl goes with an increase in catalytic
activity. Using Abl- / - cells reconstituted with mutated c-Abl forms, we have found that phosphorylation
and activity depend on Tyr412 in the activation loop.
Tyr412 is also required for stimulation by PDGF or
by cotransfection of active Src. Phosphorylation of
Tyr412 can occur autocatalytically by a trans-mechanism and cause activation of otherwise inactive c-Abl,
suggesting a positive feedback loop on c-Abl activity.
In the recent structure of the Abl catalytic domain
bound to the STI-571 inhibitor, unphosphorylated
Tyr412 in the activation loop points inward and
appears to interfere with catalysis. We mutated
residues involved in stabilizing this inhibited form
of the activation loop and in positioning Tyr412. These
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phorylation of the activation loop leads to disengagement of the SH3 domain from the intramolecular
interactions and increased accessibility to exogenous
ligands. In a converse situation with Abl, SH3 domain
displacement through binding of another protein leads
to what appears to be a dedicated tyrosine phosphorylation complex. Because activity is tightly coupled
to the protein-protein interaction potential of the proteins, one consider the catalytic domain the regulatory domain for the SH3 and SH2 domains. We believe
that Src and Abl are thus built to be phosphorylationsensitive interaction assemblers and have in-built the
logic of tyrosine phosphorylation.
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1.

2.

mutations resulted in tyrosine phosphorylation and
activation of c-Abl, as if relieving c-Abl from inhibition.
Tyr412 is therefore necessary both for activity and for
regulation of c-Abl, by stabilizing the inactive or the
active conformation of the enzyme in a phosphorylation-dependent manner. In collaboration with Gitte
Neubauer (now at Cellzome) and Matthias Wilm, we
have identified additional phosphorylation sites on cAbl, both in dependence of Abl activity (partly, new
autophosphorylation sites) as well as sites dependent
on Src activity.

3.

Autoinhibition of c-Abl

4.

5.

6.

7.

Figure 1. Speculative model on the possible mechanism by which c-Abl and JNK activation is achieved by increased c-Jun levels. c-Jun
binds to the SH3 domain of c-Abl, resulting in c-Abl' s activation and phosphorylation of c-Jun on tyrosine 170. c-Abl binds c-Jun tightly
via its SH2 domain. JNK interacts with c-Jun and is positioned favorably for phosphorylation by c-Abl on tyrosine. It is not known
whether this is suffcient for JNK activation, but is unlikely, so that additional components have to be envisaged.

84

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 (ABL1) are replaced by sequences
from the BCR gene. Dependent on the cell type, BCRAbl 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 ABLl moiety.
The small molecular inhibitor of BCR-Abl catalytic
activity, STI571, 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 cAbl in vitro, demonstrating that regulation is an intrinsic property of the molecule. Work in the laboratory
has shown that autoregulation of c-Abl is mediated by
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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 long-studied and medically important gene.

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. We found that the c-Jun transcription
factor can activate c-Abl in the nucleus. A prolinerich region in c-Jun binds the c-Abl SH3 domain and
is required for initial activation. 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. Surprisingly accumulation of
c-Jun protein in the nucleus resulted in Abl activation and activation of the JNK stress-activated protein
kinase. Experiments with cells derived from c-Jun
knock-out or c-Ablj Arg double knock-out fibroblasts
showed that TPA treatment in the presence of serum
led to a slow but sustained activation of JNK activity
that was dependent on c-Jun and c-Ablj Arg. This
mechanism of tuning nuclear JNK activity could be
involved in integrating growth and stress stimuli to
cellular fate decisions and represents a case of intranuclear tyrosine phosphorylation. We are dissecting the
molecular interactions between Abl and Jun responsible for Abl activation as well as the mechanism by
which active Abl then leads to activation of JNK. We
predict that nuclear multiprotein complexes contain-

ing c-Jun, JNK, c-Abl and other proteins, are instrumental in coordinating nuclear signal transduction
and transcription.

A proteo111ic approach to nuclear
tyrosine phosphorylation
Tyrosine phosphorylation is usually associated with
cytoplasmic events. Yet over the years many reports
have accumulated on tyrosine phosphorylation of
individual molecules in the nucleus and several tyrosine kinases and phosphatases have been found to be
at least partially nuclear. The question arises, whether
nuclear tyrosine phosphorylation represents a collection of loose ends of events originating in the cytoplasm or if there may be intranuclear signaling circuits
relying on tyrosine phosphorylation to regulate specific
processes. Our recent discovery of a mechanism causing nuclear tyrosine phosphorylation (see above) has
prompted us to review the cumulative evidence for
nuclear tyrosine phosphorylation pathways and their
possible role and to start a systematic analysis of
nuclear tyrosine phosphorylation.
To this end we have started to treat a variety of human
and mouse cell lines with vanadate or with other
agents known to elicit tyrosine phosphorylation. We
have prepared nuclear extracts and purified tyrosinephosphorylated proteins using a column to which
antibodies against phosphotyrosine were coupled.
After purification, the target proteins are identified by
mass spectrometric analysis in collaboration with
Bernhard Kuster and his team at Cellzome. We have
identified around 100 nuclear tyrosine phoshorylated
proteins. Many of these proteins were known to be
either tyrosine phosphorylated or nuclear, seldom
both. Evidence for significant nuclear tyrosine phosphorylation is also emerging from other studies, most
importantly the recent demonstration of nuclear
translocation of gamma-secretase-cleaved ErbB-4
kinase (Ni et al., 2001).
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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. Pituitary gland development serves as
an excellent model system to address two of the central questions in mammalian organogenesis: how does
an organ become determined within a common primordium, and what are the mechanisms that subsequently lead to the appearance of the different cell
types within an organ.
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
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. A dual induction from the diencephalon is
required for formation of Rathke's pouch, the pri-
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mordium of the pituitary gland. Both a BMP (bone
morphogenetic protein) signal and FGF (fibroblast
growth factor) activity from the ventral diencephalon
are required for the development of a definitive pouch.
Two LIM homeobox transcription factors Lhx3/Lhx4
have been shown to be the earliest molecular pituitary markers expressed within the oral ectoderm and
are required for formation of a definitive pouch.
Subsequently, a ventral-dorsal BMP2 gradient together with an opposing dorsal-ventral FGF8 gradient
serve to determine the ventral/intermediate pituitary
cell phenotypes (gonadotropes, thyrotropes, somatotropes, lactotropes) and the dorsal cell phenotypes
(melanotropes and corticotropes), respectively.
A consequence of these signaling gradients is apparently the establishment of overlapping expression
patterns of several transcription factors in Rathke's
pouch, allowing positional determination of pituitary
cell types by embryonic day 10.5-12.5 of mouse
embryogenesis.
Thus the well-defined nature of these cell types make
the pituitary gland an excellent model system in which
to investigate the molecular mechanisms that underlie the appearance of specific cell phenotypes during
mammalian organogenesis.
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.
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
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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.
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 investigated the role of
another key player the morphogen Sonic hedgehog
(SHH) in pituitary gland development.
The expression pattern of the Shh in cells adjacent to
the forming Rathke's pouch led us to speculate as to
whether SHH could exert essential roles in the early
phase of pituitary gland formation. Indeed, Hedgehog
proteins have proved to play important roles in the
development of various vertebrate and invertebrate tissues. Although SHH has been implicated in proliferative aspects of organ development, less is known
about how hedgehog boundaries in epithelia may contribute to differentiation of cell types in mammalian
organs in vivo. Shh is expressed throughout the ventral
diencephalon and the oral ectoderm, but its expression
is subsequently restricted from the nascent Rathke's
pouch as soon as its formation becomes morphologically visible, creating a Shh boundary within the oral
epithelium.
To investigate the role of SHH in outgrowth and differentiation of the pituitary gland we have used loss
and gain of function studies in transgenic mice. In
particular, we
took
advantage
of oral

Figure 1. Making big mice small. Mice which lack growth hormone and/or TSH expressing cells in the pituitary gland become dwarfs.
Shown are two littermates at 3 month of age; one wild type mouse and its dwarf sibling.

ectoderm/Rathke's pouch-specific 5' regulatory
sequences from the bicoid related pituitary homeobox
gene (pitxl) to target overexpression of the Hedgehog
inhibitor Hip (Hedgehog interacting protein) in order
to block SHH signaling. In wild type mouse embryos
Rathke's pouch has separated from the oral ectoderm
at day 11.5 of embryogenesis. The pitxl-Hip trans88

genic founder mice analyzed showed a visible morphological phenotype with various degrees of organ
hypoplasia. Normally at day 17.5 of embryogenesis the
pituitary gland is fully developed containing an anterior and intermediate lobe, as well as the posterior
pituitary. In contrast, only a cystic rudiment of the
pituitary gland can be found in high copy number
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pitxl-Hip transgenic embryos. These results demonstrate that SHH is required for proliferation during
pituitary development. Furthermore we could demonstrate that SHH signaling, acting at the Shh boundary
within the oral ectoderm, exerts a role in differentiation of ventral pituitary cell types (gonadotropes and
thyrotropes) by inducing BMP2 expression in Rathke's
pouch, which subsequently regulates expression of
ventral transcription factors, particularly GATA2.

Thus, 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/FGF10, 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 we have undertaken a large scale in situ
hybridization approach to identify novel genes in the
following areas:
•

Novel genes with a restricted hypothalamic expression pattern

•

Novel genes involved in pituitary gland induction

•

Novel genes with a restricted adult neuronal stem
cell expression pattern

Using differential display, RDA and hybridization
based subtraction methods we have identified genes
for each of the mentioned categories. Using embryonic
stem cell technology we have generated mouse
mutants for some of these genes and started to analyse
their phenotypes. For example mice that carry a targeted mutation in one of the novel genes with a hypothalamus restricted expression pattern display a sex
specific obesity phenotype coupled with a lactation
problem in females.
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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 anterior end of the forming body
axis. It consists of neuroectodermal (future retina)
and surface ectodermal (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.
Investigation of the functional relationships between
the vertebrate homologues of the genes that control eye
development in flies made apparent that the early
expression of the homeobox transcription factor Six3
is crucial for retina determination, where it interacts
with another conserved transcription factor, namely
Pax6. Cain of Six3 function causes an expansion of
the eye field and eventually retinal hyperplasia and
more importantly results in the formation of ectopic
eyecups in the midbrain demonstrating its pivotal
role in the establishment and maintenance of retinal
identity (Loosli et al., 1999). For further analysis of
the evolutionary implications of the" retina cascade",
the expression of the respective genes is was investigated in the "prototypic" trochophora larva of
Platynereis dumerilii, an annelid worm likely to represent a basic bauplan in the superphylum
Lophotrocho2oa.
Once retinal identity is established the eye field is
split and signals emanating from the ventral midline
establish an initial proximo-distal patterning within the
two retinal hemispheres. This process interestingly
involves the functional interaction of FCF-and hedgehog-signaling, both of which are similarly involved in
patterning along the dorso-ventral axis at the midhindbrain organizer (Carl & Wittbrodt, 1999). Analysis
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of waene-mutant embryos affected in proximo-distal
patterning of the eye suggests that information flow
from the midline is required for proper patterning of
the retina in the evaginated eye. Early retina patterning and optic vesicle morphogenesis and proliferation were further addressed studying the temperature sensitive mutation eyeless (el) in medaka. We
demonstrated that the el mutation results in a transcriptional repression of the eyeless locus encoding
the Rx3 transcription factor. eyeless is not required for
retina determination, but is indispensable for subsequent optic vesicle evagination and the control of
optic vesicle proliferation, by that regulating organ size
(Loosli et al., 2001). eyeless thus acts as the key factor
linking organ determination and growth.

Mutagenesis screen
A pilot three-generation mutagenesis screen in medaka fish carried out in the lab had led to the identification of mutations with a morphologically visible phenotype in the developing eye. The high number of
mutations isolated in this pilot screen indicated that the
parameters used for the mutagenesis and the screening criteria are applicable to a large-scale mutagenesis
screen.
In a collaborative effort led by the lab of Hisato
Kondoh (M. Furutani-Seiki, Osaka and Kyoto, Japan)
a collaborative screen was established aiming for the
screening of 5000 genomes in a period of two years.
The host lab in Kyoto provided the infrastructure
including the mutagenesis itself.
Several members of the lab screened offspring of established F2 families for mor-phological alterations and
we identified several dozens of mutations resulting in
a wide range of defects, such as defects in somitogenesis, heart formation and blood circulation, pigmentation, brain and eye development. We already
transferred mutations affecting eye development and
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re-identified them. The phenotypes cover all stages of
eye development ranging from the complete absence
of the eyes to cyclopia and malformations and degenerations at later stages of retinogenesis. This ongoing
collaborative effort was not just very successful with
respect to our scientific question but uniquely allowed
many lab members to experience Japan over an extended period of time.

Six3 and its role in the
establishl11ent of retinal identity
(Matthias Carl, Felix Loosli)
The key process to initiate vertebrate eye development is the establishment of retinal identity in the
neuroectoderm. So far a number of genes have been
identified that, when overexpressed, can initiate
ectopic eye formation, notably Six3 that is exclusively expressed in the anterior neural plate. 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, no "loss of function" analysis has been
reported so far.
We used morpholino mediated gene knock down to
inactivate Six3 function using 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 patterning of the anterior neural plate
and the establishment of retinal identity.
We took advantage of the morpholino approach and
established hypomorphic conditions under which retinal precursor cells still form to address the later roles
of Six3. This allowed us to identify 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. These patients suf-

fer from holoprosencephaly, microcephaly and
microphthalmia. Thus, the morpholino approach
allows modelling this human disease in medaka.
In the last decade, the transcription factor Pax6 has
been intensively studied due to its evolutionary conserved function. In co-interference experiments involving Six3 and Pax6 we demonstrate cooperation of
these two evolutionarily conserved transcription factors in eye development. Our results have far reaching
implications for vertebrate eye development as they
show that Six3 is the key determinant for the establishment of retinal identity. It acts at several steps
during eye development and cooperates with Pax6
that appears to playa role during later steps of eye.
Consistently, Six3 overexpression led to the formation of a complete proximo-distally patterned ectopic
eye primordium. The Six3 knockdown also revealed a
regulatory input of Six3 on the initiation of retinal
expression of the transcription factor pax2 and on the
maintenance of retinal expression of the transcription
factors Rx3, Pax6 and Six3 itself.

Six3 interacting l110lecules
(Kristin Tessmar, Felix Loosli)
In Drosophila the development of the larval and adult
visual system requires the activity of the homeobox
containing transcription factor sine oculis (so). A family of vertebrate homologues has been isolated from a
variety of vertebrate species. Of these, Six3 is specifically expressed in the developing eye and ventral
forebrain. Gain of Six3 function specifically results in
the formation of ectopic eyecups that show complete
proximo-distal patterning. To identify proteins that
physically interact with Six3 and function in vertebrate eye development we performed a "cross species"
Yeast-Two-Hybrid Screen using a medaka bait on a
Xenopus oocyte prey library. This screen designed to
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identify evolutionary conserved interactions, resulted
in a number of specifically interacting genes that are
expressed overlapping with Six3 at various stages of
eye development. We identified 11 candidates, the
expression patterns of which are overlapping with
Six3 during eye and brain development. Among those
are basic helix loop helix (bHLH) domain proteins.
Their interaction with SIX3 was further characterised,
revealing that the conserved SIX and bHLH domains
interact with each other. GST pull-down analyses with
different members of the bHLH domain containing
protein family reveal the specificity of this interaction and show that SIX3 interacts only with a subset of
the bHLH domain proteins. One of the strongest interactors is NEURaD that, in, is co-expressed with Six3
during cell fate determination and differentiation in the
neuroretina, suggesting a novel role for SIX3 in later
eye development.

Midline signaling and proxil11odistal patterning of the eye
(Fillipo del Bene, Clemens Grabher,)
One of the molecules identified to physically interact
with Six3 is geminin, a protein first described in
Xenopus. Geminin has a neuralizing activity when
overexpressed and is regulating DNA replication.
The Medaka homologue of geminin has been cloned. In
situ analysis clearly shows overlapping expression
patterns of geminin and Six3 from late gastrula stages
onwards. The physical interaction between geminin
and Six3 was validated in a GST pull-down assay
were geminin interacts with Six3 from Medaka, human
and Xenopus but not with the mouse Six2 as closely
related control. This indicates a conservation of this
interaction among species, but not among different
members of the Six family. Similarly, Medaka Six3
interacts with the Xenopus and Medaka homologue
of geminin.
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Over-expression of geminin leads in a dose-dependent
manner to the complete lost of the forebrain and eyes,
similar to the loss of Six3 function. Less severely affected embryos showed complete cyclopia, with the lack
of the most proximal forehead and eye structures,
consistent with a role of geminin in mediating the
proximo-distal patterning activity of Six3. Finally the
majority of the embryos showed an eye size reduction.
The geminin phenotype is completely rescued by Six3
co injection together with geminin. This indicates a role
of geminin in modulating Six3 activity in the proximodistal patterning of the optic vesicle.

Optic vesicle forllla tion:
patterning, lllorphogenesis,
proliferation and the cloning of
eyeless (el)
(Felix Loosli, Sylke Winkler, Carola
Burgtorf in collaboration with E.
Wurmbach from W. Ansorge's group)
The medaka eyeless mutation leads to the complete
absence of eyes in homozygous mutant embryos. We
found that retinal cells are determined in the mutant
embryos, whereas subsequent steps of morphogenesis
and differentiation of the retinal primordia do not
occur and thus the optic vesicles do not evaginate.
The eyeless mutation is caused by an intronic insertion
in the Rx3 homeobox gene, resulting in a transcriptional repression of the locus. An 11 kb genomic fragment containing the wild type Rx3 locus rescues the
mutant phenotype. This fragment specifically restores
Rx3 expression in the developing retinal primordia,
namely the optic vesicle and optic stalk, indicating
that the necessary regulatory elements are located
within this llkb genomic rescue fragment. Introducing
a frame shift mutation in the second exon of this Rx3
rescue fragment resulting in the specific expression of

Figure 1. Phenotypic rescue of eyeless-mutant embryos. Uninjected (A and B) and injected (C, D) wild type (B) and mutant embryos
(A, C, D) raised for 8 days at restrictive temperature. Dorsal views, anterior is to the top. Note dark pigmented melanophores in wild
type embryo (arrowhead in B), lacking in mutants (A, C, D). (A) No eyes form in mutants. (C, D) Rescued eye formation in mutant
embryos injected with Rx3 plasmid. (C) Note complete rescue of both eyes. No rescue is observed in control injected embryos.

uninjected

c
Rx3 rescue
plasmid

el
a truncated protein has no rescuing activity. This
shows that the eyeless mutant phenotype is caused by
the intronic insertion in the Rx3 locus (Loosli et al.,
2001).
Our studies indicate that Six3- and Pax6- dependent
retina determina tion does not require Rx3.
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Furthermore we show that the regulatory interactions
of Six3 and Pax6 that precede the formation of ectopic
retinal primordia do not depend on Rx3 activity. On the
other hand, gain and loss of function analysis show
that Rx3 is indispensable to initiate optic vesicle evagination and to control vesicle proliferation, by that regulating organ size. Thus, Rx3 acts at a key position cou-
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Figure 2. Six3 is required for retina and forebrain development. Dorsal views of embryos (A and B) at six-somite stage (21) and (C to E)
late gastrula stage (16), anterior is to the left. (B) Injection of high MoSix3 concentrations results in loss of anterior structures compared
to (A) MoGFP control injected embryos. Arrow marks region offorming mid-hindbrain boundary. (C and D) Ectopic cell death (TUNEL)
in response to MoSix3 overlapping with (E) Six3 expression. Dotted line outlines forming embryonic axis. Abbreviations: ey, eye; gt, gut;
hb, hindbrain; inj., injected; ot, optic tectum.

pling the determination with subsequent morphogenesis and differentiation of the developing eye and
therefore plays a pivotal role in the manifestation of a
fate that has been laid down in the organ anlage by
upstream players (Loosli et al., 2001).

Transgenesis and enhancer
trapping in Medaka

A

(Clemens Grabher)
The widespread use of fish as model systems is still
limited by the low efficiency in generating stable transgenies; the mosaic distribution of clones expressing the
transgene and the low germline transmission rate due
to late integration events. In medaka (Oryzias latipes)
and zebrafish (Dania reria), we are exploring two strategies to overcome both of these problems.

Endonuclease approach

c

MoSix3 Six3

-
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Reporter gene constructs were flanked by two meganuclease recognition sites, and co-injected together with
the meganuclease enzyme into medaka embryos at
the one-cell stage. First, the promoter dependent
expression was strongly enhanced. Already in FO,
three quarters of the injected embryos exhibited a uniform/ promoter dependent expression compared to
only one quarter when injections were performed
without meganuclease. Second, the transgenesis frequency was raised to more than 30% (compared to 510% in standard plasmid injection experiments). Even
more striking was the increase in the germline transmission rate. Whereas it does not exceed a few percent
in standard protocols, the number of transgenic Fl
offspring of an identified founder fish reached the
optimum of 50% in most lines resulting from meganuclease co-injection. The individual integration loci
contain only one or few copies of the transgene in
tandem. At a rate of 5% this method also leads to
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enhancer trapping effects, novel patterns that are likely due to the integration of the transgene in the vicinity of enhancer elements.

Transposon approach
The host factor independent, artificially reconstructed
transposon element Sleeping Beauty (SB) was used as
another tool to facilitate germline integration in medaka. The transgenes delivered by this approach integrate
into 35% of the embryos and thus the transgenesis
frequency is comparable to the endonuclease approach.
The germline transmission rate by SB is slightly less
efficiency (3-50 % ), indicative for an integration event
between the 1-16 cell stage. Remarkably however, 30%
of the transgenics exhibit novel spatial and temporal
expression patterns indicating transgene integration
near regulatory elements. The identification of these
elements is one of the arising options. Additionally,
these lines provide unique tools for the functional
analysis of mutants in vivo. Also, stable transgenic
lines expressing GFP in a tissue specific manner are
particularly useful for the establishment of cell cultures
or specific mRNA extraction in expression profiling
experiments.

Evolutionary aspects of eye and
nervous system. developm.ent
(Detlev Arendt, Ines Baptista)

Development of larval and adult pigmentcup eyes in Platynereis dumerilii
The common 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. Platynereis has two distinct types of eyes,
larval and adult, that represent prototype inverte-

brate pigment-cup ocelli and thus resemble the presumed ancestral eyes. We studied the expression of
evolutionarily conserved "eye specification genes" in
the early development of larval and adult pigment-cup
eyes in Platynereis. While Pax6 is expressed in the larval, but not in the developing adult eyes, expression of
the sine oculis ortholog Sixl/2 from trochophora stages
onwards specifically outlines the optic anlagen and
thus covers both the developing larval and adult eyes.
It is also indispensable for their formation, as revealed
by pRNAi mediated loss-of-function analysis. Using
Platynereis rhabdomeric opsin as differentiation marker,
we have further shown that the first pair of adult eye
photoreceptor cells is detected within bilateral clusters
that transiently express ath, the Platynereis atonal
ortholog, thus resembling proneural sensory clusters.
Our data indicate that - similar to insects, but deviating from the vertebrates - polychaete sixl/2 expression
outlines the entire visual system from early developmental stages onwards, and ath-positive clusters generate the first photoreceptor cells to appear. Based on
these findings, I have proposed that pax6-, six2-, and
ath-positive larval eyes as found in today's trochophora
were present already in Urbilateria (Arendt et al.,
2001).

A new view on vertebrate eye evolution
The next step was to analyse expression of Platynereis
orthologs of genes involved in vertebrate eye development (six3, rx, vax) with a surprising result: None of
these genes proved specific for the developing polychaete eyes. Instead, Platynereis six3 is a marker for the
entire developing brain ganglia located in between
the eyes, and Platynereis vax and rx genes are expressed
in small subsets of six3-expressing cells in the developing brain, but not in the eyes. The vax-positive cells
are situated at the junction points of the two early
developing brain commissures with the preoral connectives. This hints to a striking case of evolutionary
conservation, as vertebrate vax gene are expressed
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along the outgrowing anterior-most brain commissures, and required for their formation. In addition, the
rx expressing cells were identified as ciliary brain
photoreceptors forming along the optic brain commissure in collaboration with A. Dorresteijn
(University of Mainz). Our data suggest that the ciliary
photoreceptor cells of the vertebrate eye represent
modified brain photoreceptors that were incorporated into the eye during vertebrate evolution (Arendt &
Wittbrodt,2001).

Parental RNA interference
(pRNAi) for targeted geneknockdown
(Detlev Arendt, Ines Baptista)
Targeted gene knockdown by RNAi has facilitated
functional studies in a broad range of organisms.
Injection of double-stranded RNA (dsRNA) leads to
the silencing of any given gene. However, only in the
nematode C. elegans could this technique yet be applied
to developing embryos by simply injecting dsRNA
into the body cavity of parental animals. I have established a protocol for parental RNAi also for Platynereis,
showing the long-range evolutionary conservation of
the underlying cellular mechanisms.
dsRNA is injected into the body cavity of females
where thousands of maturing eggs freely float in the
coelomic fluid. After spawning and fertilization, phenotypes can be observed in about 90% of the offspring.
In all cases studied so far affected offspring showed a
morphological series of phenotypes ranging from
'severely affected' to 'normal', thus resembling an
allelic series obtained in one batch. RNAi phenotypes
have yet been generated for sixl/2 (missing eyes, parapodia affected), and in several collaborations for FGFR
(defects in gastrulation and axis formation) and for
engrailed (segmentation defects).
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Several projects this year extended our analysis of
aspects of transport between the nucleus and cytoplasm.

presence of a region of unstructured RNA, to prevent
PHAX interaction and thus block U snRNA export
complex assembly on U snRNAs.

The function of RanBP3

We also achieved first structural insights into the components of the U snRNA export complex in a collaboration with Catherine Mazza and Stephen Cusack of
the Grenoble outstation. They were able to solve the
structure of a trypsinized, and thus unfortunately not
quite complete, version of CBC. Our attention now
turns towards the structures of CBC in complex with
other factors, as well as a more complete CBC structure.

RanBP3 contains a Ran binding domain similar to
those found in both RanBPl and RanBP2. The latter
proteins are involved in GTP hydrolysis by Ran, and
a similar function for RanBP3 had been supposed.
Analysis of Yrb2, the RanBP3 homologue in yeast,
had shown functional interaction with CRMl, the
nuclear export receptor.
We demonstrated that vertebrate RanBP3 also physically interacts with CRMl, and that this interaction is
distinct from both CRMI-cargo and RanBPl-type interactions. Rather, RanBP3 binds to CRMI and increases
its affinity for NES-containing export cargo proteins.
This nicely resolves one puzzling aspect of nuclear
export, the question of how it was possible for CRMI
to efficiently export cargoes, like the HIV-l Rev protein,
whose affinity for the RanGTP-CRMl export complex
was strikingly low.

RNA export
Under this heading, several projects were carried out.
Investigation of PHAX, the dedicated U snRNA export
adaptor, was continued. PHAX was shown to bind to
RNA in a sequence-independent manner, and PHAXRNA interaction was shown to be necessary for its
role in U snRNA export. In a related set of experiments, we asked why it was that the U snRNA export
complex, consisting of the nuclear cap-binding complex (CBC), PHAX, CRMI and RanGTP could not
function in the export of mRNA, although we knew
from both direct and indirect experiments that mRNAs
are capped and bind to CBC. It turned out that mRNAs
have a dominant ability, apparently conferred by the
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In a second collaboration, this time with Margy Koffa
and Barklie Clements of the Glasgow University
Institute of Virology, we investigated the question of
why Herpes simplex virus mRNAs are poor substrates
for nuclear export in the absence of the HSV ICP27 protein. We found that ICP27 acts as an adaptor for the cellular REF proteins. ICP27 binds to mRNA on the one
hand and REF proteins on the other. Since REF proteins
themselves are also adaptors that function to attract the
mRNA export receptor TAP to mRNAs (see the report
from Elisa Izaurralde of the Gene Expression
Programme) ICP27 ultimately links the HSV mRNAs
to the cellular export machinery. This provides a novel
paradigm for the regulation of mRNA export that may
also be utilized by certain cellular mRNAs.
A rather different aspect of nucleocytoplasmic transport, namely the function of Nup153, a component of
the nuclear pore complex (NPC), was the subject of the
final project in this area. We modified previous protocols, established mainly in Douglass Forbes' laboratory, for the assembly of nuclei whose NPCs lacked
Nup153 or in which the endogenous Nup153 had been
substituted by a recombinant form of the protein. This
biochemical depletion and addback approach enabled
a stringent test of the functions of Nup153, with several interesting outcomes.
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First, in collaboration with the group of Terry Allen, at
the Patterson Institute for Cancer Research in
Manchester, England, we could show that Nup153,
in contrast to what had previously been believed, was
not located at the distal end of the NPC nuclear basket,
but rather at its proximal end. In the absence of
Nup153 all the previously characterized components
of the nuclear basket were missing from the NPC,
including the Tpr protein that, in Xenopus oocyte
nuclei, forms filaments that are attached to the NPC
basket. Functionally, the lack of a nuclear basket had
an unexpectedly specific effect. Importin
ated nuclear import was severely reduced while transportin-mediated import was not detectably affected.
Nup153 has previously been shown to interact strongly with importin consistent with the specific effect
seen. Nevertheless, a detailed explanation for the
mechanism of the defect is not yet available.
In addition, the lack of Nup153 had a general effect on
the behaviour of NPCs in the nuclear envelope (NE).
It was shown this year by the laboratory of Jan
Ellenberg (see his report) that NPCs in vertebrate
nuclei are anchored, and virtually immobile, in the NE.
In the absence of Nup153, and thus of the nuclear basket, this anchoring is lost, and NPCs are mobile within the plane of the NE. It should now be feasible to
determine which interactions are the basis of NPC
anchoring.

Mitotic functions of Ran
The major fraction of the laboratory is now working on
mitotic functions of Ran, the GTPase that is responsible for fuelling and directing nucleocytoplasmic transport. We had previously shown that RanGTP is
required for mitotic spindle assembly, more specifically
for the induction of microtubule nucleation in the
vicinity of mitotic chromatin. Our studies of this problem continued as a collaboration with the laboratories
of Isabelle Vernos and Eric Karsenti in Cell Biology and

Biophysics. As before, Rafael Carazo-Salas from Eric's
lab was a major contributor to this collaboration.

gating other mitotic processes that might be under
the control of Ran.

He demonstrated that the requirement for RanGTP is
not limited to spindles that lack centrosomes. Even in
the presence of duplicated centrosomes, spindle formation fails if RanGTP production cannot be induced
locally around the condensed chromatin adjacent to the
centrosomes. Work in C. elegans has recently provided
strong evidence that the same conclusion holds in
vivo.
The mechanism by which RanGTP elicits microtubule
nucleation was also elucidated. In a manner that is
closely analogous to its role in nucleocytoplasmic
transport, RanGTP disrupts a complex between
importin importin a and TPX2. TPX2 release from
the importin complex is sufficient to initiate microtubule nucleation. The similarity between the spindle
assembly and transport functions of Ran is satisfying
and provides us with further justification for continuing to study the mitotic Ran functions.
A second such function, as we demonstrated last year,
is in the induction of NE membrane assembly during
anaphase. This year, we investigated why ATP, as well
as GIP, hydrolysis might be required for NE assembly.
Together with Hemmo Meyer and Graham Warren, of
Yale University, we were able to show that the AAAATPase p97 is required for NE assembly. Interestingly,
p97 exists in at least two distinct complexes in the
cell, together with either p47 or with both Ufdl and
Np14. We were able to demonstrate that both these
complexes function in NE assembly, although they
have distinct functions. p97 /Ufdl /Np14 is needed
early, for the membrane fusion events that give rise to
a closed NE. This structure then has to grow, with the
incorporation of additional membrane, to produce a
full-size nucleus. NE growth was shown to specifically
require p97/p47. We are now focussing on additional
events required for NE assembly, as well as investi99 -------------------------------------------------------------------------------------'
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Progress in 2001 has come from the completion of
technical development projects, particularly DNA
microarrays, and from several unexpected findings. We
have continued to work on mRNA translation and its
regulation, as well as the Molecular Medicine of
mRNA metabolism and of iron metabolism. Rather
than aiming for a comprehensive overview, some of the
highlights will be described below.

COlllplex lllodes of translational
control
The binding of the small ribosomal subunit to mRNAs
can be mediated by the 7m GpppN cap structure at
the 5' end of cellular mRNAs or by "internal ribosome
entry sequences (IRESes)" which occur in viral and
some cellular mRNAs. Cap-dependent translation via
the cytosolic cap-binding protein eIF4E is augmented
by the poly(A) tail and the poly(A)-binding protein
PABP. Importantly, both eIF4E and PABP can bind
simultaneously to the N-terminus of eIF4G, which
serves as an adapter protein to the ribosomal43S preinitiation complex (see Figure 1). Some picornaviruses like poliovirus (PV) express a protease that specifically cleaves the N-terminus of eIF4G from the body
of the protein, which interacts with the 43S complex.
This cleavage abolishes the cap-dependent and poly(A)
tail-stimulated translation of cellular mRNAs.
Giovanna Bergamini's work during the preceding
year established a translation system from HeLa cells
which recapitulates all of these parameters in vitro. It
was shown that the poly(A) tail can also augment
translation from the IRESes of PV and encephalomyocarditis virus (EMCV) (Bergamini et al., 2000).
To our surprise, we now found that the stimulation of
PV- and EMCV-IRES translation by the poly(A) tail is
functional even when eIF4G I and eIF4G II are proteolytically cleaved and when cap-dependent translation
is severely compromised by this cleavage. This finding

- - - - - - - - - - - - - - - - - - - - - - - - 101 - - - - - - - - -

suggests that additional molecular mechanisms exist
by which the poly(A) tail interacts with and activates
the translation initiation machinery. We have also analyzed translation from the IRESes of the cellular BiP
and c-myc mRNAs. We found that these IRESes are
also functional in vitro, that their translation is augmented by the poly(A) tail, and that this augmentation
is also independent of intact eIF4G molecules. Thus,
these results reveal a new role of the poly(A) tail in cellular and viral mRNA translation.
Thomas Preiss, Julie Baron and Sandra ClauderMunster have begun to apply a genomic approach to
study the role of eIF4G in translation. In collaboration
with Wilhelm Ansorge's group and the Genomics Core
Facility at EMBL, DNA microarrays for the open reading frames of the S. cerevisiae genome were produced.
Next, the translation state of yeast mRNAs was
assessed by sucrose gradient analysis and fractionation
of polyribosomal and non-ribosome bound mRNAs
using these DNA arrays. We are interested to determine how the drug rapamycin affects yeast mRNA
translation. We also wish to find out how the poly(A)
binding protein, the cytosolic cap binding protein
eIF4E and the nuclear cap binding complex CBC contribute to translation via their respective interactions
with eIF4G. To this end, the endogenous copies of
eIF4G have been replaced by eIF4G mutants that fail
to interact with these respective partners. We wish to
learn whether changes in translation affect all mRNAs
equally or whether particular mRNAs are more strongly affected than others.
During the differentiation of erythroid precursor cells
into mature red blood cells, the mRNA encoding the
enzyme 15-lipoxygenase (LOX) must be translationally
silenced before mitochondrial degradation is allowed
to proceed. We had previously found that this translational silencing is achieved via the DICE (differentiation control element) in the 3' untranslated region
(VTR) of LOX mRNA and the DICE-binding proteins
hnRNPs K and E1 (Ostareck et al., 1997). Work by
---.J
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Antje Ostareck-Lederer and Dirk Ostareck has now
identified the critical step at which the translation initiation pathway is controlled.

elF 4G
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Figure 1. Cap-dependent and IRES-mediated translation initiation (see text).
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Using biochemical experiments in rabbit reticulocyte
lysate, Dirk and Antje identified the step at which
translation initiation on LOX mRNA is blocked. Unlike
all other previously studied examples, the joining of
the 60S ribosomal subunit to a 43S complex arrested at
the translation initiation codon is regulated (see Figure
2). Translation from the cricket paralysis virus IRES
escapes this silencing mechanism. This finding is interesting, because this particular IRES can assemble an
elongation-competent 80S ribosome directly on the
translation initiation codon without the help of any
translation initiation factor. Thus, these results suggest
that the 3' UTR silencing complex most likely targets
one of the translation initiation factors involved in
the 60S subunit joining step rather than occluding
critical surfaces on either of the two ribosomal subunits
(Ostareck et al., 2001).
A separate line of work has addressed the question of
how translationally silenced LOX mRNA can be activated for translation. In collaboration with Giulio
Superti-Furga's group, we 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.
Deletion of 97 amino acids from between the second
and the third KH domain of hnRNP K does not impair
its ability to silence translation, but abolishes its ability to activate c-Src. Messenger RNA that is silenced by
this deletion mutant also fails to be translationally
activated by c-Src. This work provides the first insights
into how LOX translation may be activated in a signaldependent way, and raises intriguing questions regard102 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - '
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ing the structure-function relationship between hnRNP
K and c-Src.
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Another very interesting example of translational control has been described for a critical switch for dosage
compensation in Drosophila. The Msl (Male specific
lethal)-2 protein is required in males, but must not be
expressed in females. The translation of cytoplasmic
msl-2 mRNA in females is inhibited by the femalespecific RNA-binding protein SXL (Sex lethal), which
binds to two sites in the 5' UTR and to four sites in the
3'UTR of msl-2 mRNA. Work by Fatima Gebauer had
previously established a cell-free translation system
from Drosophila embryos, which recapitulates msl-2
mRNA repression in response to added recombinant
SXL (Gebauer et al., 1999). Fatima and Marica Grskovic
have now examined which features of the msl-2 mRNA
and the SXL protein are required for regulation. They
found that regions which flank the SXL binding sites
in the 3'UTR of msl-2 mRNA are important for regulation, but do not directly affect SXL binding. This
suggests that additional factors bind to the flanking
regions and repress msl-2 translation in conjunction
with SXL. Crosslinking and co-immunoprecipitation
experiments have revealed candidate proteins that
we are now trying to identify. Interestingly, the SXL
protein from Musca domestica cannot substitute for
the Drosophila homolog, in spite of a very high degree
of similarity between the two. The Musca protein
binds the RNA w_ith similar affinity, but fails to repress
translation. Hybrid proteins have been generated and
used to map the functionally important domains of the
Drosophila protein. We are now searching for factors
that interact with these domains. Ultimately, this work
should yield insight into how regulatory RNA-protein
complexes assembled on both the 5' and the 3' UTR
control a critical step in the Drosophila dosage compensation pathway.
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Molecular Medicine of iron
111etabolis111
Microarray technology has also been brought to the
investigation of human iron metabolism and its disorders. Martina Muckenthaler (in collaboration with
Alexandra Richterova and the Genomics Core Facility)
has designed and established an "iron chip", 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. Careful optimization of multiple experimental parameters from
chip synthesis over fluorescent labeling and hybridization protocols to chip analysis has yielded conditions
where quantitative differences of as little as 1.5-fold can
be recognized in a sensitive and reproducible manner.
The availability of corresponding "iron chips" for
human and mouse genes allows us to integrate information from cell culture models, human patient samples and genetic mouse models. Our goal is to identify and record diagnostic'signature profiles' that characterize physiological responses and disease states.
To this end, we will also soon collaborate with Alvis
Brazma's group at the EBI.
The feasibility and promise of this approach has
become evident in a project that aims to understand the
molecular basis of the pathologically increased intestinal absorption of iron in hereditary hemochromatosis, a common and potentially fatal disorder affecting
as many as 0.4% of the Western population. It has
been suggested that the regulatory defect results from
a state of local iron deficiency in the duodenal cells of
affected patients, which in turn triggers a reactive
hyperabsorption of iron. In collaboration with Thomas
Herrmann and Wolfgang Stremmel from the
Department of Internal Medicine of Heidelberg
University we have analyzed a genetic mouse model
for hemochromatosis (HFE k.o. mouse). Consistent
with previous studies, we found that both dietary
L

iron deficiency and lack of HFE expression cause an
increased expression of the basolateral iron transporter Iregl/ferroportin in the duodenum. However,
the overall 'signature profiles' of duodenal samples
from iron deficient animals and HFE k.o. mice are
clearly distinct. This result indicates that the cause of
increased iron absorption in HFE k.o. mice (and
hemochromatosis patients) may differ from a state of
local iron deficiency in the duodenal cells. It rather suggests that the increased expression of duodenal iron
transporters in iron deficient animals and in HFE k.o.
mice results from distinct regulatory instructions to the
duodenal cells.
Work by Sabine Hentze has established conditions to
use the "iron chip" for analyses of gene expression
from blood samples of patients. The hyperferritinemia/ cataract syndrome represents a hereditary disorder of human iron metabolism which we study in
this way.
Iron regulatory protein (IRP)-l and IRP-2 are considered to be central regulatory switches for cellular and
systemic iron metabolism. Both proteins are expressed
in most, if not all, mammalian cells and tissues. They
regulate the posttranscriptional fate of a family of
mRNAs encoding iron transporters, storage proteins
and other proteins involved in mammalian iron metabolism. To understand IRP function in different organs,
Bruno Galy has generated ES cell clones with targeted alleles of IRP-l and IRP-2, respectively. The strategy will allow conditional and tissue-specific mutagenesis by the Cre/Lox system. We are particularly interested in the individual and combined roles of IRPs in
the duodenum, the liver, the brain and in
macrophages. In addition to phenotypic analyses, we
plan to record 'signature profiles' using the "iron chip".
While Iregl / ferroportin exports iron from the enterocyte into the circulation, DMTI mediates the import
of iron from the lumen of the gut into the enterocyte.
Intriguingly, both Iregl / ferroportin and DMTI

mRNAs harbor binding sites for IRPs and are regulated
by iron. Nadia Hubert discovered that two different
promoters transcribe alternative forms of DMTI
mRNA in duodenal and non-duodenal tissues. In the
duodenum, a previously unrecognized 5' exon extends
the open reading frame of DMTI by some 30 codons.
Expression of this 5' exon is necessary but not sufficient
for iron regulation of DMTI mRNA levels. We are
now investigating the importance of the predicted Nterminal extension of duodenal DMTI for the function
of the protein as an iron transporter, and the role of the
5' exon for iron regulation. The results are expected to
yield insight into the specificity and regulation of iron
transport in the duodenum and other tissues.

Molecular Medicine of mRNA
111etabolis111
A longstanding and very productive collaboration
with the group of Andreas Kulozik (Charite Berlin,
now Heidelberg University) focuses on the role of
mRNA metabolism in common human diseases.
'Nonsense-mediated decay' (NMD) represents an evo1u tionarily conserved surveillance mechanism that
degrades mRNAs with premature translation termination codons. As such, it plays an important role in
numerous genetic disorders, because it prevents the
synthesis of C-terminally truncated polypeptides that
could act in a dominant negative fashion and interfere
with the function of the unaltered protein expressed
from the wild type allele. NMD can thus serve to protect heterozygous carriers of nonsense alleles.
A highly conserved protein, Upfl, functions as a transacting factor in the NMD pathway in yeast and man.
Its biochemical interaction with the translation termination factors is thought to link NMD to the process
of translation and the recognition of premature termination codons. Thomas Schell has generated a stable HeLa cell line that expresses human Upfl carrying
a 'TAP tag' for the affinity purification of associated
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factors. Using this approach, the known Upf1 interacting proteins co-purify with the tagged protein.
Additional co-purifying bands have been identified on
Coomassie-stained SDS polyacrylamide gels and are
sequenced in Matthias Wilm's group by mass spectrometry. We hope that this approach will pave the way
to a better understanding of the biochemistry of NMD.
Earlier work showed that the discrimination between
'normal' and 'premature' translation termination
codons depends on the position of the stop codon in
relation to the last intron. We showed that the insertion
of an intron into the 3' UTR of a wild type human
globin gene triggered NMD of this mRNA (Thermann
et al., 1998). Now we found that deletion of the natural introns from the human
gene protects
nonsense-containing alleles from NMD (Neu-Yilik et
al., 2001), and that a nonsense-mutated allele of the naturally intronless melanocortin 4 receptor gene, which
causes dominantly inherited obesity, also escapes
degradation (Brocke et al., 2002). These results further support the important role of intron position and
splicing in NMD. By contrast, substitution of the natural poly(A) tail by the 3' end of a histone mRNA was
found to be permissive for the degradation of human
nonsense alleles (Neu-Yilik et al., 2001). In the
future, we hope that better knowledge of the NMD
pathway will open the door to new forms of therapeutic intervention to protect nonsense-mutated
mRNAs that encode proteins with residual functionality and to target stable mRNAs from dominant negatively acting alleles for degradation.

centrations by an unknown mechanism. We showed
that the mutation does not affect the amount of premRNA, the site of 3'end cleavage, or the length of the
poly(A) tail of the mature mRNA. We demonstrated
that the physiological PT 3'end cleavage signal is inefficient and that PT20210
represents a gain of
function mutation causing an increase of cleavage site
recognition, a 1.5- to 2-fold elevation of correctly 3'end
processed mRNA accumulation, and correspondingly increased protein synthesis. Enhanced mRNA 3'end
formation efficiency thus emerges as a novel principle
causing a genetic disorder and explains the role of
the PT 20210 GJEA mutation in the pathogenesis of
thrombophilia. This work also illustrates the pathophysiological importance of quantitatively minor aberrations of RNA metabolism. It will now be important
to determine whether the relative inefficiency of 3'end
processing of the wild type PT pre-mRNA is subject to
physiological regulation, perhaps during the acute
phase response when PT synthesis is increased.

A different aspect of the collaboration with Andreas
Kulozik's group led to the identification of a new
genetic mechanism contributing to a common coagulation disorder, hereditary thrombophilia. The
mutation at position 20210 of the prothrombin (PT)
gene represents a common genetic risk factor for the
occurrence of thromboembolic events. This mutation
affects the 3' terminal nucleotide of the 3'UTR of the
mRNA and causes elevated prothrombin plasma con' - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 105 - - -
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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. Transport receptors bind directly to nucleoporins, the components of the NPC, and to cargo
molecules that need to be translocated across the pore.
While the vast majority of nuclear transport receptors are members of a conserved family of proteins
known as importins or exportins (or karyopherins),
studies in yeast and in vertebrate cells indicate that
export of bulk messenger RNA (mRNA) is mediated by
members of an evolutionarily conserved family of
proteins known as the nuclear export factor (NXF)
family.

NXF: a distinct fal11ily of nuclear
export receptors l11ediates the exit
of l11RNA to the cytoplasl11
Although a contribution of exportins to mRNA export
cannot be ruled out, several lines of evidence indicate that export of bulk 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 NXF proteins in Caenorhabditis elegans
(Ce) and four in Drosophila melanogaster (Dm) and
Homo sapiens (Hs). S. cerevisiae Mex67p and Ce NXFl
have been shown to be essential for the export of bulk
polyadenylated RNAs [poly(A)+ RNA] to the cytoplasm. We have obtained direct evidence for an essen-

tial role in mRNA export for Dm NXFl and human
TAP (also known as Hs NXFl). Previously, we have
also shown that TAP is directly implicated in the
export of simian type D retroviral RNAs bearing the
constitutive transport element (CTE).
The roles of NXF2-4 in metazoans are unknown. One
of our main goals at present is to determine whether
the multiplication of nxf genes in higher eukaryotes as
compared to yeast, reflects an adaptation to a greater
cargo complexity or to tissue-specific requirements. A
different function from export, however, cannot be
excluded for some of these proteins.

NXF proteins have a conserved
l110dular architecture
Our structural and functional studies lead to the identification of two major domains on human TAP. The Nterminal half implicated in cargo binding and the Cterminal half that mediates binding to nucleoporins
(Figure 1). The cargo-binding domain consists of an Nterminal fragment for which no structural information
is available, a RNP-type RNA-binding domain and a
leucine-rich repeat (LRR) domain. The NPC-binding
domain of TAP consist of two structural domains, one
showing sequence and structural similarities to the
nuclear transport factor 2 (the NTF2-like domain) and
a C-terminal region related to ubiquitin associated
(DBA) domains (the DBA-like domain) (Figure 1). The
NTF2-like domain of TAP heterodimerizes with the
small conserved protein pIS, with which it forms a single structural and functional unit. The crystal structures of the RBD, the LRRs and of the NTF2-like
domain of TAP bound to pIS have been determined at
atomic resolution in collaboration with the group of
Elena Conti at EMBL.
Comparison of the amino acid sequence of the NXF
proteins in all species including yeast indicates that the
overall domain organization of the protein family has
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Figure 1. Domain organization of human TAP. TAP has a modular domain organization. TAP domains indicated in the figure are as
follows: RBD: RNP-type RNA binding domain; LRR: leucine rich repeat domain; NTF2-like: domain showing sequence and structural
similarities with NTF2. This domain heterodimerizes with p15, which is also related to NTF2. The UBA-like domain exhibits sequence and
structural similarities to ubiquitin associated domains. The structures of the RBD, the LRR and the NTF2-like domain bound to p15 at
atomic resolution have been solved by the group of Elena Conti at EMBL.

been evolutionarily conserved, although not all
domains are always present. The RBD is conserved in
most NXF proteins, but may be absent in yeast
Mex67p. The LRRs and the NTF2-like domain are
present in all members of the family, with the exception of Dm NXF4. The UBA domain is absent in Dm
NXF3, Dm NXF4, Ce NXF2, Hs NXF3 and Hs NXF5.

The lllRNA export pathway
While TAP binds directly to the CTE RNA, several
lines of evidence suggest that the interaction of NXFs
with cellular mRNAs is likely to be facilitated by adapL--

tor proteins including the conserved family of RNAbinding proteins termed REFs (also known as Aly or
Yral in yeast). REFs bind directly both to RNA and
TAP (or Mex67p) and have been implicated in mRNA
export. Furthermore, in collaboration with Herve Le
Hir and Melissa Moore (Brandeis University) we have
shown that REFs together with the proteins Y14,
RNPSl, DEK and SRm160 are components of the
exon-exon junction complex (EJC), a 340 kDa complex deposited by the spliceosome 20-24 nucleotides
upstream of splice junctions.
Based on these observations we have proposed the
following model for mRNA export (Figure 2). Export

of spliced mRNAs is guaranteed by the fact that the
spliceosome deposits a complex containing TAP-binding proteins such as REFs at exon-exon junctions. In
contrast, export of unspliced mRNAs would depend
on their ability to recruit TAP, REF or other export
factors efficiently, which may depend in turn on their
primary sequence and/ or their length. Regardless of
the particular set of RNA-binding proteins that are
recruited by a given mRNA, export of bulk mRNA is
mediated by TAP /p15 (NXFl/pI5) heterodimers. The
mechanisms for the selectivity and directionality of this
process remain to be elucidated.
Investigating the mRNA export pathway in vivo .
Taking advantage of specific protein depletion in vivo
by double stranded RNA interference (dsRNAi) or
short interfering RNAs (siRNAs), we are currently
testing the model proposed in Figure 2 both in
Drosophila and human cultured cells. To this end, we
have cloned and raised antibodies specific to each of
the Drosophila proteins implicated in this process. We
have shown that depletion of the endogenous NXFl or
p 15 from Drosophila cells inhibits growth and results in
a rapid and robust accumulation of poly(A)+ RNA
within the nucleus (Figure 3). Fluorescent in situ
hybridizations using specific probes show that export
of both intron-containing and intronless mRNAs is
inhibited. We conclude that NXFl/pI5 heterodimers
are essential for the export of bulk poly(A)+ RNA in
Drosophila cells. In contrast, depletion of REF impairs
growth but leads to a phenotype of partial nuclear
accumulation of poly(A)+ RNA. These results suggest
that in the absence of REFs other proteins may facilitate the recruitment of NXFl to mRNPs. Similar results
were obtained by depleting REF and TAP from human
cells (Figure 3).
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 mRNA decay and may influence the translation efficiency or stability of spliced
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Figure 2. The mRNA export pathway. The proteins REFs (Aly/Yralp), SRm160, DEK, Y14 and RNPSl preferentially associate with spliced mRNAs, and may facilitate the recruitment ofTAP/p15 heterodimers

(or other export factors) to mRNP complexes. REFs also facilitate the export of intronless mRNAs most likely by facilitating binding ofTAP/p15 heterodimers. Note that how these proteins interact with each
other is unknown. The dissociation of the receptor/RNP complexes in the cytoplasm occurs by an unknown mechanism that may implicate the RNA helicase Dbp5 in vertebrates and yeast. Abbreviations: m7G,
cap structure present in all polymerase II transcribed RNAs; AAAA, polyA tails.
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mRNAs. We are currently investigating additional
roles of this complex in mRNA metabolism in vivo by
dsRNAi. In Drosophila cells, depletion of some of the
individual components of the EJC impairs growth,
but only REF depletion leads to a phenotype of partial
nuclear accumulation of poly(A)+ RNA suggesting
that the other components have functions distinct
from mRNA export.

Figure 3. Inhibition of export of bulk polyadenylated RNA by dsRNAi in Drosophila cells. Drosophila cells were transfected with
dsRNAs corresponding to GFP (control), NXF1, or REF as indicated. The intracellular distribution of bulk poly(A)+ RNA was
investigated by in situ hybridization with a Cy3-labelled oligo(dT) probe (darker shading). The nuclear envelope was stained with
fluorescently labeled wheat germ agglutinin (WGA, lighter shading). At steady state, a large fraction of poly(A)+ RNA is cytoplasmic
in control cells. In contrast, NXFl depletion results in a robust nuclear accumulation of poly(A)+ RNAs. The poly(A)+ signal is
widespread within the nucleoplasm and is excluded from the large nucleolus characteristic of this cell line. This change in the
distribution of poly(A)+RNA is also observed in cells depleted of endogenous REF.

Figure 4. Inhibition of export of bulk polyadenylated RNA by siRNAs in human cells. Human 293 cells were transfected with short
interfering RNAs (siRNAs) corresponding to GFP, TAP, or REF as indicated. The intracellular distribution of bulk poly(A)+ RNA
was investigated by in situ hybridization with a Cy3-labelled oligo(dT) probe. In control cells, poly(A)+ RNAs are detected in the
cytoplasm but also in nuclear speckles. NXFl depletion results in a robust nuclear accumulation of poly(A)+ RNAs. The poly(A)+
signal is widespread within the nucleoplasm and is excluded from the nucleolus. In cells depleted of endogenous REF poly(A)+
RNAs accumulate in thenucleoplasm and nuclear speckles.
1---
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Mechanisms
ofpre-mRNA
splicing regulation

Splicing is the process of removal of intronic sequences
from mRNA precursors. The sequences defined as
introns and exons within a pre-mRNA, however, vary
depending on the cell type or stage of development,
giving rise to alternative patterns of splicing. Two
thirds of human genes are alternatively spliced to
generate up to thousands of different mRNAs from a
single primary transcript. Understanding the mechanisms that regulate alternative splicing is therefore
essential for the interpretation of genomic information
in higher eukaryotes.

Sex-specific splicing regulation in

Drosophila

(M.J. Lallena L. Woodley)
f

Group Leader: Juan Valcarcel
Postdoctoral fellows: Sabine Guth*, Jose
Maria Izquierdo*, Maria Jose Lallena,
Angeles Ortega
PhD students: Patrik Forch, Angela
Relogio, Louise Woodley*
Technician: Concepcion Martinez
Visitors: Kevin Chalmers, Caroline
Lemerle, Teresa Pacheco, Martina Niksic,
Luis Miguel Mendes Soares, Patrice Vitali

* indicates part of year only
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During the last few years our lab has studied how the
protein Sex-lethal (SXL), which is exclusively present
in female Drosophila flies, influences alternative splicing of target genes. A general concept coming out of
these studies is that SXL can modulate splice site
recognition by binding to pre-mRNAs and preventing
the access of splicing factors to specific splice sites
(ss). During this year we have found evidence for a different mechanism of SXL function, used by SXL to
regulate splicing of its own pre-mRNA. SXL promotes
skipping of exon 3. As this exon contains stop codons
within the SXL open reading frame, exon 3 skipping
allows the synthesis of full length SXL protein. This
autoregulatory loop is important for maintaining sexual identity throughout the life of the fly.
We have found that an unusual configuration of the 3'
ss preceding exon 3 was important for SXL autoregulation. This 3' ss region contains a tandem array of two
AG dinucleotides and an intervening polypyrimidine
(Py-) tract (the standard arrangement at the 3' ss is a
Py-tract followed by a single AG dinucleotide that
marks the intron 3' boundary). Both of the AGs pre-

ceding Sxl exon 3 are important for exon 3 inclusion,
but we have observed that they play distinct roles
during spliceosome assembly and catalysis. Thus,
recognition of the downstream (distal) 3' ss is essential
for initial spliceosome assembly, while the upstream
(proximal) 3' ss is preferentially used for catalysis.
These observations argue for a switch in 3' ss recognition between spliceosome assembly and catalysis.
Intriguingly, this switch is important for SXL autoregulation.

In vitro experiments in collaboration with Angus
Lamond's laboratory (U. of Dundee) identified factors
recognizing these splice sites. While U2AF65 binds
to the Py-tract and U2AF35 binds to the distal AG,
the spliceosomal protein SPF45 recognizes the proximal AG. Biochemical and RNA interference experiments indicate that SPF45 function is important both
for activation of the upstream AG and for SXL autoregulation. We also found that SPF45 is required for the
second catalytic step of the splicing reaction. This is
surprising because while most regulatory mechanisms
described so far target early events in spliceosome
assembly, our observations open the possibility that Sxl
autoregulation involves modulation of the splicing
process at the second catalytic step. Consistent with
this, SXL can inhibit this step in vitro depending upon
recognition of the upstream 3' ss by SPF45. Our results
suggest that SXL inhibits splicing of its own premRNA by interacting with SPF45 and blocking its
function at the latest step of the splicing process.
A similar configuration of 3' ss occurs as a result of a
human mutation associated to one form of
lassemia. This mutation results in activation of a cryptic site upstream from the natural 3' ss in human
bin intron 1. We found that SPF45 is involved in activation of the cryptic site, and that interference with
SPF45 function can suppress the
mutation.
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ous genetic observations in Drosophila and also indicate
that FL(2)D jWTAP may be the founding members of
a novel class of splicing regulatory factors.

Regulation of splicing and
program.m.ed cell death
(P. Forch, J.M. Izquierdo, C. Lemerle)
We previously reported that the apoptosis-promoting protein TIA-l is a regulator of alternative premRNA splicing. TIA-l facilitates Ul snRNP recruitment to weak 5' ss followed by uridine-rich sequences.
This year we have carried out work aiming to:

()

)

Figure 1. Model for Sex-lethal autoregulation. In the absence of Sex-lethal protein (SXL), Sxl pre-mRNA is spliced to include exon 3. In
this situation Ul snRNP particles recognize the 5' splice sites and the two subunits of U2AF bind to the 3' splice site regions at early
stages of the splicing process. In the case of intron 2, an additional 3' splice site AG is recognized and activated for catalysis by SPF45. In
the presence of SXL, early events leading to 5' splice site cleavage and lariat formation could occur normaly, but ligation between exons 2
and 3 is inhibited. This inhibition relies on recognition of the 3' splice site by SPF45.

Function of FL(2)D jWilm.s
Tum.or-l associated protein
(A. Ortega)
The gene jl(2)d was originally identified through its
genetic interactions with Sex-lethal, and then found to
modulate a number of alternative splicing events in
Drosophila. We have identified and cloned a human
homologue, which was independently isolated in a
screen for proteins that interact with the Wilms Tumor

protein-l (WTl). The WTl gene is mutated in a common form of pediatric cancer, and different isoforms
of the WTl protein have been proposed to work as
either regulators of transcription or regulators of splicing. In collaboration with M. Niksic and N. Hastie
(Human Genetics Unit, MRC, Edinburgh), we generated antibodies against the WT-I-Associated Protein
(WTAP) and used them to test whether depletion of
this protein from nuclear extracts had any influence on
alternative splicing of a variety of genes. The results
indicate that hFL(2)D jWTAP plays a role in 3' ss selection. These data can provide an explanation for vari-

1) Analyze the molecular mechanisms for TIA-l function. TIA-l consists of three RNA Recognition
Motifs (RRM) and a glutamine (Q)-rich carboxy-terminal domain. We found that RRMs 2 and 3 constitute the domain of TIA-l that binds pre-mRNAs.
In contrast, the Q-rich and RRMI domains serve to
establish interactions with Ul snRNP. We identified
one component of the snRNP, the protein UIC,
which interacts directly with the Q-rich domain of
TIA-l. These results offer a molecular explanation
for how TIA-1 facili tates the recruitment of the
snRNP on 5' ss regions.
2) Identify novel targets of regulation by TIA-l. Using
the information provided by biochemical characterization of TIA-l activities, we carried out an in
silico screen of the human genome for pre-mRNAs
whose alternative splicing can be regulated by
TIA-l. We identified candidate genes, and experimentally confirmed the involvement of TIA-l in
splicing regulation of genes that regulate programmed cell death.
3) Study the regulation of alternative splicing of the
apoptotic receptor Fas by TIA-l and extracellular
signals. The pre-mRNA of the Fas receptor can be
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alternatively spliced to generate mRNAs that
encode either a membrane-bound form of the
receptor that promotes apoptosis or a soluble form
that apoptosis. This alternative splicing event is
regulated during the activation and subsequent
suppression of T cells in immune responses, and
defects in regulation result in autoimmune lymphoproliferative syndromes (ALPS). We previously found that TIA-l facilitates accumulation of
the mRNA isoform that encodes the apoptosispromoting form of the receptor. We have found
evidence that a kinase activated by Fas (FAST
kinase) phosphorylates TIA-l and enhances its
activity as a splicing regulator. We can therefore
propose the existence a regulatory loop able to
amplify apoptotic responses, whereby Fas promotes TIA-l activity, which, in turn, promotes
accumulation of the apoptotic-promoting form of
the receptor. In collaboration with Joachim Roesler
(Dresden Kinderklinic), we are characterizing
defects in this pathway in ALPS patients that show
defects in Fas alternative splicing regulation.

Function of the splicing factor
U2AF
(c. Martinez, L. Soares)
The splicing factor U2AF is important to initiate the
assembly of splicing complexes on pre-mRNAs. It
consists of two subunits of 65 and 35 Kda. U2AF65 recognizes the pyridimine-rich stretch that precedes the
3' end of higher eukaryotic introns, while U2AF35
recognizes the lasttwo intronic nucleotides. We have
continued our functional analyses of these factors.
We have found evidence for a dual function of U2AF35
in spliceosome assembly. Under conditions of limiting
concentration of U2AF, U2AF35 facilitates U2AF65
recognition of the Py-tract. Depending on the sequence
of the first nucleotide of the downstream exon, U2AF35

Fas ligand
Fas

..

Fas pre-mRNA

®

/'

FAST Kinase

- TIA-l
Soluble Fas

Figure 2. Autoregulatory loop in Fas signaling. Activation of the membrane-bound form of the Fas receptor by apoptotic signals induces
activation of the FAST kinase, which in turn phosphorylates the splicing regulator TIA-l. This phosporylation event increases the
activity of TIA-l to mediate inclusion of exon 6, giving rise to more membrane-bound, apoptosis-promoting Fas receptor and to less of
the soluble, apoptosis-inhibitory form of the receptor. The result of this autoregulatory loop is an increased susceptibility of the cell to
apoptotic stimuli.

promotes U2 snRNP binding via a mechanism distinct from enhanced U2AF65 recruitment.
U2AF35-related factors have been identified and tested in biochemical assays, in collaboration with the
group of Maria Carmo-Fonseca (University of Lisbon).
The results indicate that these proteins interact with
U2AF65 but have different activities on individual
pre-mRNAs.
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Our previous collaborative work with the group of
Matthias Wilm (Biochemical Instrumentation
Programme) identified several novel U2AF-Associated
proteins. We have focused our attention on one such
factor, LUCA-15, which has been reported to have
tumor suppressor functions and also regulate programmed cell death. Our results indicate that LUCA15 modulates U2AF65 function, opening the possibility that the effects of LUCA-15 on tumor suppression
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or apoptosis are related to its function on splicing regulation.

Analysis of alternative splicing
using DNA l11icroarrays
(A. Relogio)
We have continued the development of oligonucleotide-based DNA microarrays designed to distinguish between alternatively spliced mRNA isoforms.
Progress has been made in the application of this technology to mRNA isolated from mammalian cells in culture. The technology is currently being used for the
identification of genes regulated by the apoptosis promoting factors TIA-l and TIAR (see previous sections).

Publications during the year
Forch, P. & Valcarcel, J. (2001). Molecular mechanisms of gene expression regulation by the apoptosis-promoting protein TIA-l. Apoptosis, 6,463468

Valcarcel, J. & Smith, C.W.J. (2001). Alternative
splicing: One gene, more than one polypeptide In
"Encyclopedia of Life Sciences" (Macmillan
Reference Ltd.), (in press)

Forch, P., Merendino, L., Martinez, C. & Valcarcel,
J. (2001). Modulation of msl-2 5' splice site recognition by Sex-lethal. RNA, 7, 1185-1191
Gama-Carvalho, M., Carvalho, M.P., Kehlenbach,
A., Valcarcel, J. & Carma-Fonseca, M. (2001).
Nucleocytoplasmic shuttling of heterodimeric
splicing factor U2AF. J. BioI. Chern., 276, 1310413112
Guth, 5., Tange, T.O., Kellenberger, E. & Valcarcel,
(2001). Dual function for U2AF(35) in AGdependent pre-mRNA splicing. Mol. Cell. Bio!.,
21, 7673-7681

J.

Penalva, L.O., Lallena, M.J. & Valcarcel, J. (2001).
Switch in 3' splice site recognition between exon
definition and splicing catalysis is important for
sex-lethal autoregulation. Mol. Cell. Biol., 21, 19861996
Tange, T.O., Damgaard, C.K., Guth, 5., Valcarcel, J.
& Kjems, J. (2001). The hnRNP Al protein regulates
HIV-l tat splicing via a novel intron silencer element. EMBO J., 20, 5748-5758

Other references
Brett, D., Pospisil, H., Valcarcel, J., Reich, J. & Bork,
P. (2001). Alternative splicing and genome com.plexity. Nat. Genet., 30, 29-30
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Sarast Group

Cytoskeletal
signaling and
respiratory proteins

Group Leader: Matti Saraste*
Team Leader: Klaus Scheffzek*
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Stavrakis, Christian Witt
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Research in the group has focused on membrane protein complexes that function in cell respiration as well
as on the structure and function of domains in
cytoskeletal and signaling proteins. We have been
using X-ray crystallography, high-resolution electron
microscopy and NMR spectroscopy as well as biochemical assays as principal techniques.

Superfam.ily of cytochrom.e
oxidases and nitric oxide
reductases
Cytochrome oxidases are key respiratory enzymes.
They are membrane-bound protein complexes and
function as proton pumps. Three different subfamilies
of oxidases have been described. While structural data
have been obtained for two of the subfamilies, no
such information is available for the third subfamily,
that of the bacterial cytochrome cbb 3 oxidases (cbb 3 ).
This year we have focused on Cbb 3, an oxidase with a
high affinity for oxygen. This property is essential for
bacterial respiration at low oxygen tension, allowing
pathogens such as Pseudomonas aeruginosa and
Helicobacter pylori to colonize human tissue. Moreover,
electron flows through Cbb 3 have been shown to inhibit photosynthesis in Rhodobacter sphaeroides, implying
a role for the enzyme in redox signalling. The catalytic subunit of Cbb 3 comprises one copper ion and two
b-type heme cofactors. One of the hemes and the copper ion form the binuclear center, where oxygen reduction takes place. We have obtained crystals of the Cbb 3
of Pseudomonas stutzeri, which need considerable
improvement to provide detailed structural information of the protein.
Molecular archaeology has identified evolutionary
links between denitrification ("anaerobic respiration")
and oxygen-utilizing respiration. We have started to

study a bacterial denitrification enzyme, nitric oxide
reductase (NOR) after it became clear that it is a member of the cytochrome oxidase superfamily. NOR
shares the major subunit with conserved haem-binding sites, and a bimetallic active site with cytochrome
oxidases. However, the active site is a haem / iron
rather than a haem/ copper center. The other interesting difference to the oxygen-reducing enzymes is
that NOR does not conserve energy in the form of a
transmembrane proton gradient. Recent work has produced an excellent enzyme preparation from
Paracoccus denitrificans. Since then a thorough biochemical and spectroscopic characterization has aided
in the understanding of processes such as proton and
electron transfer, as well as substrate binding in the
catalytic center. A three-dimensional structure at low
resolution has been determined by analysis of a tilt
series of two-dimensional crystals, and three-dimensional crystallization trials are ongoing.

Spectrin and a-actinin
Spectrin is a large elongated protein and a major component of cortical cytoskeleton in animal cells. It is also
present in the trans-Golgi network. Spectrin is a heterodimer where each of the a- and
is made
of repeating units. The canonical repeat has 106 amino
acid residues and folds into a triple helical structure.
Unique domain that carry the functional properties of
spectrin are flanked between the repeats or found in
the termini of the subunits. These functions include
interactions with other components of membrane
skeleton such as F-actin and ankyrin. Eventually, we
are trying to model the three-dimensional structure of
spectrin using the information on individual domains
and their pairs as well as a global domain map of
spectrin, which may become available via electron
microscopy and further crystallographic studies.
Our group has now determined the three-dimensional structure of the rod domain of a-actinin. The struc-
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ture demonstrates the extended nature of the rod and
reveals a twist associated with a curved surface of the
molecule. The surface conserved acidic residues into
a patch that we believe provides an important proteinprotein interaction site in the molecule. In fact, basic
peptides derived from cytoplasmic domains of transmembrane receptors have been reported to bind flactinin, the binding areas being mapped to portions of
the rod domain. We have made efforts to co-crystallize
the rod domain with such peptides or soak crystals in
peptide containing solution. Preliminary studies of
X-ray data have not been conclusive as yet. To optimize
the conditions for peptide binding we have extended
the repertoire of crystallization conditions to cover a
broad range of pH-values.
Atomic force microscopy has been used to investigate unfolding of single protein domains. In collaboration with Heinrich Harber's group at EMBL, we
have measured the apparent forces involved in unfolding of spectrin repeats under mechanical stress. These
data indicate that a helical structure unfolds easier
that a
structure with a similar size. These
experiments that have been conducted by PierreFrancois Lenne and Arnt Raae have resulted in detection of an intermediate that populates the unfolding
pathway.

The uncoupling proteins
The phenomenon of proton leak in mammalian mitochondria has been recognized for many years. It is
defined as the dissipation of the proton gradient existing across the inner mitochondrial membrane by routes
other than through ATP synthase. The significance of
this phenomenon is gradually coming to light through
the study of the uncoupling protein family. UCPl is
known to provide this "unproductive" proton conductance pathway in brown adipose tissue mitochondria and is activated during non-shivering thermogenesis, leading to the production of heat. The
L

.

.

recent cloning of UCP2 and UCP3, both exhibiting
high sequence identity with UCPl has promoted interest in this field. They are expressed in tissues other
than brown adipose tissue and provide potential therapeutic targets for the treatment of metabolic disorders
such as diabetes and obesity.
These 33kDa membrane proteins are made up of three
repeats, each comprising two transmembrane helices.
Each of these repeats from UCPl has been individually
overexpressed as inclusion bodies in E. coli and refolded. Biophysical studies and NMR spectroscopy, performed in collaboration with Michael Sattler's group
indicate that homogeneous protein is obtained.

Tyrosine kinases
The Bruton's tyrosine kinase (Btk) is a multi-domain
enzyme required for the maturation of B-cells.
Mutation in this protein can impair the function of
the immune system leading to X-linked agammaglobulinemia (XLA) in humans. Ongoing biochemical
work on members of the Btk family of protein tyrosine
kinases is aimed at the understanding of the interplay between the different domains and its impact on
the regulation of the activity. We have previously
determined the structure of the amino-terminal part of
Btk by X-ray crystallography. This part of the kinase
contains a PH domain and a so-called Btk motif and is
responsible for the reversible anchorage of the protein
to the plasma membrane through the binding of phosphatidyl phosphoinositides (PPIns). Point mutations
within the Btk PH domain, which cause XLA, can be
classified to either structural or functional according
to three-dimensional structures and biochemical data.
The functional mutations cluster into the positively
charged end of the molecule that binds PPIns. A number of mutations directly affect the binding of PPIns,
but others may have a more indirect effect on the electrostatics of the PH domain. Both types of mutations
cause a failure in translocation of the kinase to the

---------------------------------.---------.-------.----.---------------.--

cell membrane inactivating the Btk pathway in cell
signaling. In the past year we successfully purified the
kinase domain of BtK, expressed in insect cells. The
crystals diffract to better than 2.5 A resolution and
we obtained a data set at 2.8 A. A structural model
would have a particular impact on the investigation of
inhibitors allowing co-crystallization and modeling
studies.

N eurofibrOlllatosis type 1 protein
(Klaus Scheffzek, Fabien Bonneau, Igor
D'Angelo, Vladimir Pena)
Neurofibromatosis type 1 (NFl) is a genetic disease
with an incidence of 1/3500 worldwide. NFl 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. The NFl 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. In fact, a patient mutation
found at the most crucial functional residue was associated with a highly malignant NFl phenotype, suggesting loss of neurofibromin mediated down regulation of Ras as a major cause of NFl in these patients.
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
NFl 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
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by comparison with known protein structures in databases or by bound ligands obtain clues about their
possible functions.
Our main technique is X-ray crystallography and other
techniques are being employed in collaboration with
other groups. 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.

Publications during the year

bacterial nitric oxide reductase. Biochemistry, 40,
13361-13369

Buchwald, G., Hostinova, E." Rudolph, M.G."
Kraemer" A., Sickmann" A., Meyer, H.E., Scheffzek,
K. & Wittinghofer, A. (2001). Conformational switch
and role of phosphorylation in PAK activation.
Mol. Cell. Biol., 21, 5179-5189

Kranewitter, W.J., Ylanne, J. & Gimona, M. (2001).
UNC-87 is an actin-bundling protein. J. BioI. Chern.,
276, 6306-6312

D'Angelo, I., Oubrie, A. & Saraste, M. (2001). The
quinol-oxidizing nitric oxide reductase. Protein
Science, 10 (suppi. 2), 144
Demunter, A., Ahmadian, M.R., Libbrecht, L., Stas,
M., Baens, M." Scheffzek, K., Degreef" H., De WolfPeeters, C. & van Den Oord, J.J. (2001). A novel
N-ras mutation in malignant melanoma is associated with excellent prognosis. Cancer Res., 61,
4916-4922
Forte, E., Urbani, A., Saraste, M., Sarti, P., Brunori,
M. & Giuffre, A. (2001). The cytochrome cbb3 from
Pseudomonas stutzeri displays nitric oxide reductase activity. Eur. J. Biochem., 268, 6486-6491
Gawaz, M., Besta, F., Ylanne, J., Knorr, T., Dierks,
H., Bohm, T.& Kolanus, W. (2001). The NITY motif
of the beta-chain cytoplasmic domain is involved
in stimulated internalization of the beta3 integrin
A isoform. J. Cell SeL, 114, 1101-1113
Gupta, S., Warne, A., Saraste, M. & Mazumdar, S.
(2001). pH-induced conformational transition in
the soluble CuA domain of Paracoccus denitrificans
cytochrome oxidase. Biochemistry, 40, 6180-6189
Hendriks, J.H., Prior" L., Baker, A.R., Thomson,
A.I." Saraste, M. & Watmough, N.J. (2001). Reaction
of carbon monoxide with the reduced active site of
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Marquez, J.A. & Saraste, M. (2001). Pleckstrin
homology (PH) domains. In "Encyclopedia of
Molecular Medicine," Creighton, T. (Ed.), John
Wiley & Sons, New York
Oubrie, A., Huizinga, E.G., Rozeboom, H.J., Kalk,
K.H., de Jong, G.A., Duine, J.A. & Dijkstra, B.W.
(2001). Crystallization of quinohaemoprotein alcohol dehydrogenase from Comamonas testosteroni:
crystals with unique optical properties. Acta
Crystallogr. D BioI. Crystallogr., 57, 1732-1734
Scheffzek, K. (2001). Have an update on protein
communication. (book review) J. Cell ScL, 114,
3581-3582
Scheffzek, K. & Wittinghofer, A. (2001). Structural
views of the Ran GTPase cycle. In "The small
GTPase Ran," Kluwer Academic Press, pp. 177-
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Scheffzek, K., Grunewald, P., Wohlgemuth,S.,
Kabsch, W., Tu, H., Wigler, M., Wittinghofer, A. &
Herrmann, C. (2001). The Ras-Byr2RBD complex:
structural basis for Ras effector recognition in yeast.
Structure (Camb), 9, 1043-1050
Urbani, A., Gemeinhardt, S., Warne, A. & Saraste,
M. (2001). Properties of the detergent solubilised
cytochrome c oxidase (cytochrome cbb(3» purified from Pseudomonas stutzeri. FEBS Lett., 508,
29-35
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Ylanne, J., Scheffzek, K., Young, P. & Saraste, M.
(2001). Crystal structure of the alpha-actinin
rod reveals an extensive torsional twist.
Structure (Camb), 9, 597-604
Ylanne, J., Scheffzek, K., Young, P. & Saraste, M.
(2001). Crystal structure of the alpha-actinin
rod: four spectrin repeats forming a tight dimer.
Cell Mol. BioI. Lett., 6,234
Young, P., Ehler, E. & Gautel, M. (2001).
Obscurin, a giant sarcomeric Rho guanine
nucleotide exchange factor protein involved
in sarcomere assembly. J. Cell Biol., 154, 123-136

Matti Saraste died in May 2001 and we all miss him, his
scientific support and his encouragement. Members of
his group are now associated with the group of Klaus
Scheffzek, which started in October 2001. The projects
that depended primarily on Matti's supervision are
being partially continued depending on review and
scientific support within EMBL or by collaborations
with other institutes.
www.embl-heidelberg.de/Externallnfo /Saraste /
matti.html
www.EMBL-heidelberg.DE/Externallnfo / Saraste /
memorial/POSTER web.pdf
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In our group we are interested in understanding how
proteins acquire their 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.

Understanding a111yloid fibre
for111a tion
(Manuela Lopez de la Paz)
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 designed a peptide-based
model system of amyloid fibril nucleation that consists
of homopolymeric
with six residues per
strand. Applying a computer design algorithm to this
template, we have searched for ideal sequences capable of folding into a polymeric
(Figure 1A). The
designed de novo sequences lead to the formation of
amyloid fibrous structures (Figure 1B). Key mutations
predicted to be unfavorable completely abolish polymerization. Those sequences with charged residues
form fibrils only under conditions where the total net
charge of the molecule is ±1. These results identify
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the critical elements within a given sequence for amyloid fibril formation and explain why natural proteins
form amyloid fibrils at low pH in vitro. The success of
computer-aided design of sequences that form amyloid
fibers, opens new avenues for the rational understanding of this complex phenomena.

Predicting protein folding
(Raphael Guerois, Salvador Ventura, Jens
Nielsen)
Tight dependence between proteins native state topology and folding mechanisms has been suggested from
several recent studies. Over a wide range of folds and
sequences, folding rates were shown to correlate with
the distribution of local and non local interactions
along the protein sequence. The 'relative contact order'
constitutes a reasonable first order parameter to
account for the energetics of the transition state ensemble, i.e. the folding barrier height. A second set of data
highlighting the relationships between protein topology and folding mechanisms deals with the characterisation of the folding transition state ensemble. It
was shown experimentally that proteins sharing similar topologies present similar features when considering the structural organisation of their transition
state ensemble (Martinez & Serrano, 1999).
Furthermore, changing the connectivity of a protein
through circular permu tations modifies the conformational transition state ensemble (Viguera et al.,
1996). Elegant theoretical approaches based on the
Go model approximation, in which only native interactions are considered, correctly predicted most of
the residues involved in the folding nucleus of several model proteins, as well as the folding barrier height.
These approaches require as input the known native
structure, and predict the transition state structure
based on the native structure. In all cases, the use of a
very simple energy potential was sufficient to capture the major features of the folding process.
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In our group we have developed a simple potential
(Fold-X), based on the same basic principles as those
previously described, but that includes sequencedependent specific effects. We have tested the predictability of Fold-X on several proteins and we have
found that the predictions are consistent with the
experimental data (Guerois et al., 2000). Currently we
are developing Fold-X, with the final goal of using it
to improve protein folding of problematic proteins. We
have developed a better new force field (see below)
and could have a large impact in proteins of pharmacological and industrial relevance.
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(Emmanuel Lacroix, Salvador Ventura,
Cristina Vega)
Figure 1. Design and structural
characterisation by CD and EM of

the peptide-based model system of
amyloid fibrils. a) Template used for
the design of the amyloidogenic
peptides. The three-dimensional
model for the backbone was
constructed by taking the six central
strands of the large single-layer [3sheet exhibited by the outer surface
protein A (OspA)l1. b) Far-UV CD
spectra of the designed sequences that
displayed a [3-sheet-like spectrum at a
given pH (t 0; c = 1 mM). At the
top/ plot of the CD spectra of the
samples that formed fibrils. At the
bottom, plot of CD spectra of the
samples that, although displaying a
[3-sheet CD spectra, did not form
fibrils. c) Electron micrographs of
negatively stained fibrils (c = 1 mM,
t = 1 month) from samples where the
net charge of the molecule is +1. d,
Electron micrographs of negatively
stained fibrils (c = 1 mM, t = 1
month) from samples where the net
charge of the molecule is -1.

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 <\>, 'V preferences of the 20
amino acids. We have used it to reconstruct side chains
based on a-traces of known proteins and we have
found that it does it with a great accuracy for the core
residues (± 6 for all angles)/ as well as identifies correctly the rotamers of surface residues that are not
completely solvent exposed. Currently we have used
Perla to design new core sequences as divergent as possible from the natural ones in order to determine their
folding properties. Of the 13 designed sequences we
have selected three with similar stability as the wildtype (WT) protein. These proteins have much faster
unfolding and refolding rates than the WT, suggesting
a preferential stabilization of the transition state
ensemble (TSE). This stabilization is due to conformational strain introduced by the design algorithm as
0
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shown by deletion of single methyl groups (lIe into
Val) and X-ray analysis of the corresponding mutants
(Figure 2). Reduction of the buried volume result in up
to 2 Kcal/ mol stabilization of the protein and in a significant deceleration in unfolding. "Protein engineering analysis" results in negative
values for many
of the Ile into Val mutants. Thus non-canonical
values might be due in some cases to conformational
strain on the protein. 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.

New Force field to predict
protein stability and proteinprotein com.plexes
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 contributing to the stability of proteins and protein complexes. The predictive power of FOLDEF was
tested on a very large set of point mutants (1088
mutants) spanning across most of the structural environments found in proteins. FOLDEF uses a full atomic description of the structure of the proteins. The different energy terms taken into account in FOLDEF
have been weighted using empirical data obtained
from protein engineering experiments. First, we considered a training database of 339 mutants in nine
different proteins and optimised the set of parameters
and weighting factors that best accounted for the
changes in stability of the mutants. The predictive
power of the method was then tested using a blind test
mutant database of 667 mutants, as well as a database of 82 protein-protein complex mutants. The global correlation obtained for 95% of the entire mutant

Figure 2. Superimposition of the backbones corresponding to the Wt and different core mutants. A) Superimposition of the backbone
corresponding to the WT (blue) and the Best4 mutant (red). B) Superimposition of the backbone corresponding to the WT (blue) and the
C8A mutant (red). C) Superimposition of the backbone corresponding to the WT (blue) and the C8A-I25V mutant (red). D)
Superimposition of the backbone corresponding to the C8A (blue) and the C8A-I25V (red) mutants. The side chains of residues 11, 25
and 33 are shown. Those in cyan color belong to the blue backbone and in red orange to the red backbone. Arrows point at the regions
that are displaced in some of the core mutants. (See CD-ROM or on-line version for full colour graphic.)
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database (1030 mutants) is 0.83 with a standard deviation of 0.81 kcal.mol- 1 and a slope of 0.76. The present energy function uses a minimum of computational resources and can therefore easily be used in protein
design algorithms, and in the field of protein structure
and folding pathways prediction where one requires
a fast and accurate energy function. The FOLDEF is
available via a web-interface at http://fold-x.embl-heidelberg.de. We are now planning to introduce parameters to allow to predict metal and DNA interactions.

Understanding gene networks
(Anders Kaplan, Maria Ander,
Konstantinos Michalodimitrakis)
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
quantitative manner. To achieve this simple model
systems 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 attempting a
first step towards one such tool, called Smartcell. More
specifically, Smartcell is a framework for modelling
and simulation of cell biological models. It is of use
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. We are now at the point were we can
simulate simple protein networks like Chemotaxis in
E. coli. The next goals will be to define a user-friendly interface and to use it to design a new signal transduction pathway in E. coli.

Publications during the year
Becskei, A., Seraphin, B. & Serrano, L. (2001).
Positive feedback in eukaryotic gene networks:
cell differentiation by graded to binary
response conversion. EMBO J., 20, 2528-2535
Berisio, R., Viguera, A., Serrano, L. &
Wilmanns, M. (2001). Atomic resolution structure of a mutant of the spectrin SH3 domain.
Acta Crystallogr. D BioI. Crystallogr., 57, 337340
Fisinger, 5., Serrano, L. & Lacroix, E. (2001).
Computational estimation of specific side chain
interaction energies in alpha helices. Protein
ScL, 10 809-818
Garcia, P., Serrano, L., Durand, D., Rico, M. &
Bruix, M. (2001). NMR and SAXS characterization of the denatured state of the chemotactic protein CheY: implications for protein folding initiation. Protein Sci., 10, 1100-1112
Guerois, R. & Serrano, L. (2001). Protein design
based on folding models. Curro Opin. Struct.
BioI., II, 101-106
Lopez de la Paz, M., Lacroix, E., RamirezAlvarado, M. & Serrano, L. (2001). Computeraided design of beta-sheet peptides. J. Mol.
Biol., 312, 229-246
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L. (2001). Elongation of the BH8 beta-hairpin
peptide: Electrostatic interactions in beta-hairpin formation and stability. Protein Sci., 10,
1381-1392
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Bor Group

Comparative genome
analysis: Annotation
and context

The main goal of this group is to exploit the information contained in biological sequences for functional
and evolutionary predictions. The group works on
three different levels in sequence analysis: Residue,
gene and genome. The three major topics require both
method development and their application. In 2001,
with the draft sequence of the human genome in hand
we devoted much effort to annotation issues in order
to exploit genomic information and to improve function predictions. In addition to gene by gene approaches, we also expanded function predicting using genomic context and applied it to human. As in the years
before, we maintained useful web-servers and implemented some novel ones to make bioinformatics tools
easily accessible.

Annotation of the hum.an genom.e
Group Leader/Visiting Group Leader: Peer
Bork
Scientists: Richard Copley, Yan P. Yuan
Postdoctoral fellows: Miguel Andrade,
Martijn Huynen*, Warren Lathe III, Shamil
Sunyaev, Mikita Suyama, Carolina Perez,
David Torrents, Francesca Ciccareli*,
Christian von Mering*
PhD students: Tobias Doerks*, Berend Snel,
Ivica Letunic*, Jan Korbel*, Parantu Shah*
Visitors: Domenico Bordo, Francesca
Ciccarelli, Thomas Dandekar, HarindarSingh Keer, Roland Krause, Enrique Morett,
Chris Ponting*, Steffen Schmidt*, Vasily
Ramensky, Harim van Bakel

* indicates part of ear only

In order to use global genome features for function predictions, we need to explore the status of the current
human genome annotation. For example, the number
of genes in the human draft sequence is still much
under debate and very little has been said about
pseudogenes which tell lots about the evolution of
genes and genomes. Thus, we thought to identify
pseudogenes in the human genome by measuring the
rate of synonymous vs. non-synonymous mutations,
a method that is independent of the presence of stop
codons and frameshift. The latter features are used
in standard gene prediction protocols. We found more
than 12,000 regions with homology to proteins in the
human genome which are located in between annotated genes. For about 3,000 our method gives reliable
results and we identified 2,300 pseudogenes and 700
putative novel genes. From these results, we predict
the presence of more than 20,000 pseudogenes and
4000 genes still hidden in the human genome.
We also studied the exon-intron structure of annotated genes in the human genome and found that exon
duplication is a common phenomenon. Because of

this fact, we checked for possible exon duplicates in all
introns and identified 1400 novel exons that are very
similar to neighboring ones. Together with these results
it seems that more than 10% of all human genes contain tandem exon duplicates. The majority of these
seem to be subjected to alternative splicing i.e., exon
duplication considerably contributes to the evolution
of gene regulation (Figure 1).
As exon duplication is common in other animals too,
we also studied the extend of alternative splicing in
different species as deduced from the presence of different splice variants in ESTs (compared to cDNA).
Indeed, the rate of alternative splicing is similar in
other animals including invertebrates such as C. elegans
and Drosophila and probably affects more than 50% of
the gene in an animal genome (Brett et al., 2002).

Classification of m.odular
proteins
We continued to develop our simple modular architecture research tool (SMART) (collaboration with
Chris Pontings group at MRC, Oxford). It covers now
more than 600 signaling modules from extracellular,
cytoplasmic and nuclear proteins. The expansion
included more than 50 novel domains that have been
identified by several pilot projects aiming at the largescale identification of novel domains. One method
used protein repeats identified in the protome of
Drosophila to delineate novel domains in other proteins (Ponting et al., 2001), another one exploits regions
inbetween known domains in proteins (Doerks et al.,
2002). We are currently exploring relationships
between three dimensional structures of known
domains to annotate more domains in proteins (collaboration with Rob Russell). The home of all the
novel domains, the SMART database, is now frequently used for the annotation of eukaryotic genomes
(e.g. TIHGSC, 2001, Venter et al., 2001) and we add
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novel features to facilitate comparative genome analysis using domain architectures of proteins.
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COl11putational biology and
experil11ental research
In 2001 we again had many fruitful collaborations
with experimental groups in which we participated in
both hypothesis generation and final data analysis.
For example, together with Andrej Shevchenko (formerly Instrumentation programme, now MPI Dresden)
and colleagues, we have developed a postprocessing
method of mass-spec results that allows the identification of homologous proteins. This enables now largescale protein identification by mass-spec in model
organisms for which the genome has not been
sequenced yet (Shvechenko et al., 2001). We are currently improving the sensitivity so that the method can
be applied to model organisms with an average distance of 50% sequence identity (i.e. it is, for example,
applicable to all vertebrates as the human draft
genome sequence is available).

c

Figure 1. Exon duplication followed by alternative splicing is an elegant way in which nature modifies the function of existing genes.
Analysis of the gene structure of the ligand binding domain of a glycine receptor reveals duplicated exons which are likely to be
alternatively spliced into the protein product. By comparing the duplicated exon to known protein structures, and determining its spatial
location (shown in black), we can predict that even though the changes in sequence between the two exons are small, they are likely to have
profound consequences for the function of the protein. (See CD-ROM or on-line version for full colour graphic.)
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Another collaborative study with considerable impact
centered on the identification of coding microsatellites
(with Magnus von Knebel at the DKFZ/Univ.
Heidelberg and colleagues). Such long runs of individual base pairs have been a known problem for
sequencing machines as they often cause frameshifts.
The hypothesis was that also in human cells they
cause a high error rate that is usually reduced by DNA
repair mechanisms. As repair systems are often defect
in cancer cells, the frameshifts might lead to modified
proteins in cancer cells. This can be tested using antibodies against the artificial protein "tails" that are
caused by the frameshifts. Indeed, a number of the
predicted malfunctioning proteins could be detected
already in early stages of some forms of inherited
colon cancer and "cocktails" of the respective antibodies should serve as efficient diagnostica (Woerner
et al., 2001/ Linnebacher et al., 2001). Consequently,
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a
Figure 2. Phylogeny of genomes. (A) Gene content phylogeny using the complete information of 50 sequenced genomes (constructed with the SHOT web server; http://www.Bork.EMBL-Heidelberg.DE/SHOT).
The similarity between two genomes is the fraction of shared orthologous genes. Species abbreviations used can be retrieved from http://www.Bork.EMBL-Heidelberg.DE/SHOT/Species Abbreviations.htlnl. (B)
SHOT gene-order phylogeny of all prokaryotic species shown in in Fig. A. Distances are derived from the number of conserved gene pairs, which are defined as orthologs that in two genomes form an adjacent
pair ofgenes with the same conserved relative directions of transcription.
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the first clinical trials on a limited number of patients
are currently being performed. There is even some
hope that the specific identification of cancer cells
using this method can lead to efficient treatment without side effects.

Function prediction by context
analysis
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). This year we studied the evolution of
gene content (Korbel et al., 2002, figure 2) and could
simulate various phenomena in gene evolution such as
gene loss, horizontal transfer or gene duplications
(Snel et aI., 2002). Such a study could only been performed with numerous sequenced genomes and is
currently only menaingful in prokaryotic branches
with sufficient genome coverage. Thus, we started a
series of pilot projects to exploit what kind of gene context information is applicable to eukaryotes. As gene
neighborhood is not well-conserved in eukaryotes
(Huynen et al., 2001a), we used co-occurrence of genes
in different species to predict functional associations
of their products. For example, we identified using the
phylogenetic distribution of the gene causing

Friedreichs ataxia, the binding partners of its product,
frataxin (Huynen et al., 2001b).
To quantify the predictive power of various gene context methods in eukaryotes, we started to analyse all
the protein complexes from yeast (either published
or novel ones generated on campus by the company
Cellzome; Gabin et al., 2002).

Tool developl11ent
We have continued to maintain and improve a few
WEB servers such as blast2 for homology search (ca 300
queries per day), SMART for domain analysis (by now
far more than 1000 queries per day and various other
accesses) and STRING for genomic context analysis
(> 100 accesses per week). In addition, we are currently developing novel servers related to literature
mining and disease gene analysis (e.g. Xploremed for
advanced MEDLINE analyis, Perez-Iratxeta et al.,
2001). Another new server is predicting the effect of
SNPs either by 3D mapping or analysis of multiple
alignments (Sunyaev et aI., 2001). 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 EBl.
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Electron microscopy
and Image Processing
of large biological
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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 the complex. This
provides us with a tool for observing structural
changes during function of complexes, which are not
hindered by crystal contacts. The shortcoming in resolution of the resulting data 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 group is
interested in proton-translocating F- and V-type
ATPases, that are large membrane bound protein complexes with molecular masses between 550 and 900
kDa. We employ single particle averaging techniques
for the structural analysis.
Our second focus lies on highly symmetrical particles, like icosahedral viruses. The high symmetry and
the higher molecular mass of these complexes greatly
facilitate the accurate determination of the orientations of an individual particle, therefore, enabling us
to determine the architecture of the virus-like particles
with sub-nanometer resolution. During the last year
we have further improved our analysis of the icosahedral shells of duck Hepatitis B core protein and various deletion mutants. We also determined the structure of empty capsids of Adeno-associated Virus Type
2, an important vector for gene therapy, to 10.5 A resolution.

The F-type ATPsynthase from.
chloroplasts

* indicates part of year only
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F-Type ATPsynthases consist of a membrane embedded Fo and a hydrophilic Fl' Both parts are connected
by a thinner stalk-region. In chloroplasts the F I is
formed by five different subunits with the stoichiom-

etry
The membrane embedded Fo is built of
four different subunits with the stoichiometry of I, II,
11114, IV. The whole complex has a molecular mass of
about 550 kDa. The enzyme catalyses ATP-synthesis/hydrolysis coupled to a transmembrane protontranslocation. Catalysis can only occur if the enzyme
is activated by a transmembrane electrochemical
potential difference of protons,
The
required for activation is influenced by redox-modulation of a disulphide bridge in the _-subunit and is
lower in the reduced enzyme. Since the transmembrane
+ is missing in purified solubilized sampIes of the ATP-synthase the enzyme is incapable of
ATP-hydrolysis as well as of ATP-synthesis.
During catalysis protons are translocated across the
membrane. The protons pass at the interface between
subunit IV and a segment of a ring formed by 14 copies
of subunit III. According to a current functional model
(Junge et al., 1997) this proton-translocation causes a
rotation of the ring formed by 14 copies of subunit III.
The ring is tightly connected to the yand £ subunits
which co-rotate with the ring. This rotation induces
conformational changes in the catalytic nucleotide
binding sites during ATP-synthesis/hydrolysis. The a
and J3 subunits, that accommodate the catalytic and
non-catalytic nucleotide binding sites, are fixed by a
static connection at the periphery of the enzyme (stator). This stator is thought to be formed of the subunits
I, II that are anchored in the membrane and reach all
the way up to the top of FIt were they interact with the
8-subunit. Nowadays, atomic models of various subcomplexes of F-ATPases of different species are known
(e.g. Abrahams et aI., 1994; Stock et al., 1999; Groth et aI.,
2001). However, so far, non of them shows any subunits that are involved in the formation of the stator or
the static part of the proton channel. To elucidate the
structure of the holo-enzyme we still rely on the use of
electron microscopy. A first attempt to calculate threedimensional maps of the holo-enzyme was performed
on negatively stained samples. Staining provides an
enhanced contrast that facilitates determination of
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the particle orientations. However, the use of heavy
metal salts for staining and the need for drying of the
sample is also bound to introduce artefacts, limiting
the resolution and causing structural alterations. The
use of stain probably also caused the ATP-synthase
from chloroplasts to adopt two different conformations. Only a careful adjustment in the image processing procedures allowed us to deal with this mixture of conformations and finally to calculate threedimensional models for both conformations (Mellwig
& Bottcher, 2001). In respect to there structure, the
two conformations varied mainly in the tilt of the
membrane embedded part in respect to F I (Figure 1).
However, these maps still failed to show the stator in
the surface representations although a faint connection
was visible in slices of the maps.

films needed for electron microscopy. Nevertheless, in
the past year we finally succeeded in the preparation
of samples suitable for electron cryo microscopy. From
micrographs of these monodisperse samples we could
calculate a three-dimensional map at 21A resolution.
In contrast to the negatively stained samples, the ATPsynthase adopted only a single conformation under the
chosen conditions. However, the low contrast of the
unstained samples made the accurate determination of
particle orientations difficult and therefore, probably
limited the resolution to only 21 A. But even at this resolution the static connection between Fl and Fo can be
clearly recognized. The fitting of the known atomic
structures of various sub-complexes helps to identify
the features in the map that account for the stator and
the static part of the proton channel.

To test whether the occurrence of the different conformations was due to a staining artefact or occurred
also in a more natural surroundings, we embedded the
protein in a thin layer of vitrified buffer solution. This
proofed difficult, since the presence of detergents in the
buffer impaired the formation of homogeneous thin

The V-type ATPase froIn
Kalanchoe
V-type ATPases are required to acidify vacuoles on
the expense of ATP. They have molecular masses

Figure 1. Three-dimensional maps of negatively stained ATP-synthase from chloroplasts. A and C slices through the maps. Band D
surface representations of the maps. A and B show the ATP-synthase in a conformation which was adopted by only about 30% of the
particles. C and D shows the conformation which was adopted by the remaining 70% of particles.
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between 700 and 900 kDa. Similar to the F-type
ATPsynthases they consist of two parts, a membrane
embedded V o and an extrinsic V v which are also connected by a thinner stalk region. The exact subunit
composition of V-ATPases is still under debate and
might vary between species. In collaboration with
Prof. Ratajczak at the TV-Darmstadt we studied the Vtype ATPase from tonoplasts of the plant Kalanchoe.
Since the amount of purified protein was rather limited, we decided to investigate the protein dried and
stained. In this way we could prepare samples from as
little as 40 ng of protein. To minimize artefacts introduced by the staining procedure, we chose a mild
stain (goldthioglucose), that supports the natural structure of the protein much better, than heavy metal salts
usually do. We were able to derive a three-dimensional map of the enzyme at 22 A resolution. The map
revealed not only the organisation of the VIand V 0 but
also showed the organisation of the connecting stalk
region, where a central stalk was surrounded by threeperipheral stalks of different sizes and shapes. The
combination of known biochemical data and our structural findings allowed us to suggest a plausible model
for the subunit topology of the V-ATPase, which we
will test in future experiments.
In the meantime we have established the isolation of
V-ATPase from Neurospora Crassa in our group and
are able to isolate 20-30 pg of functional enzyme from
10 I of culture on a routine basis. Since the isolation of
intact vacuoles is crucial for the following purification
steps the amount of cells used for the initial purification steps can probably not be scaled up. With this
small amount of protein at hands, structural studies
proofed difficult. Therefore, we decided to get first
insights into the structural organization of the complex
by investigating gold-thioglucose stained samples.
This gave us the possibility to compare the V-ATPase
from Neurospora Crassa directly to the tonoplast VATPase from Kalanchoe. In principle both enzymes
show a similar architecture although the structural
response to the addition of substrate analogues was
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different. However, more refinement of the maps of the
Neurospora crassa enzyme is needed to establish the
same quality of structural insight, as we have established for the enzyme from Kalanchoe.
We hope that we will soon be able to isolate sufficient
material for structural studies on samples embedded
in vitrified water. We reckon that for these studies we
need at least 100 pg of protein at concentrations of
about 5 mg/ml on a regular basis to start a successful
analysis. This requires a careful optimization of the
concentration procedures, to minimize the loss of
material and the destabilisation/ denaturation of the
complex.

Icosahedral shells forll1ed of the
Duck-Hepatitis B core protein
The structure of icosahedral shells formed of the
human Hepatitis B core protein is already known from
electron microscopy (Bottcher et al., 1997) and X-ray
crystallography (Wynne et al., 1999). The shells are
formed by 240 identical subunits of the core protein.

The subunits cluster into dimers and assemble into an
icosahedral shells. These shells have 120 spikes on its
surface and holes at either side of the spikes as well as
at the two-fold and five-fold symmetry axes. The duck
Hepatitis B core protein is considerably larger than the
human protein with 261 aminoacids compared to 183
aminoacids in the human core protein. Sequence alignment between the core proteins of the two species did
not show conclusively where these extra aminoacids
might be located. In collaboration with Prof. Nassal at
the University of Freiburg we investigated the full
length core protein from duck Hepatitis B core protein
expressed in E. coli by electron cryo-microscopy and
image processing. The overall organization of the
icosahedral shells of the human core protein and the
duck core protein was similar (Figure 2). However, the
spikes of the duck core protein shells were considerably larger than the spikes in the human core protein
shells.
The three-dimensional map of the duck core protein
was calculated from about 10,000 individual particle
images and had a resolution of 8.3 A. At this resolution
it was possible to locate various helices and to notice

Figure 2. Surface

representations of threedimensional maps of the human
Hepatitis B core protein shell
(left) and the duck hepatitis B
core protein shell (right). Both
maps were calculated to loA
resolution.
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differences in the fold between the duck and the
human protein. For a more detailed interpretation a
substantial improvement in resolution of the map is
needed. In the past, for the human core protein such an
improvement was achieved when a C-terminally truncated construct that did not interact randomly with the
host RNA was investigated. Therefore, we also investigated several different C-terminally truncated
mutants of the duck core protein from which we
expected a reduced interaction with RNA. However,
most of these constructs had lost their ability to form
particles or showed polymorphic shells. Only one of
the constructs tested so far, formed a uniform particle
population. However, a detailed analysis of these particles to 9.5 A resolution showed major rearrangements in the protein shell, making these constructs
unsuitable for further elucidation of the structural
organisation of the duck core protein.

Adeno-associated virus type 2
ell1pty capsids
In collaboration with the group of Prof. Kleinschmidt
at the DKFZ in Heidelberg, we investigated human
Adeno-associated virus type 2 empty capsid (AAV-2)
by electron microscopy and image processing of particles embedded in a vitrified buffer solution. AAV-2
belongs to the family of parvoviruses, of which many
structures are known from X-ray crystallography.
AAV-2 itself is an interesting vector for the developing
of gene therapies since the vector is stable and AAV-2
infections are not connected to any known diseases.
Despite the importance of AAV-2, only little is known
about its structural organization. The virus capsid is
composed of three structural proteins, VP1, VP2 and
VP3 with relative molecular masses of 87 kDa, 72 kDa
and 62 kDa. These three proteins differ only in their Nterminal amino-acid sequences and occupy symmetrical equivalent positions in an icosahedrally organized
protein shell. We were able to derive a three-dimen-
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sional map to 10.5 A resolution from data collected at
a conventional transmission electron microscope
equipped with a LaB6 filament and operating at 100 kV
(Kronenberg et al. 2001). The three-dimensional map
showed sets of three elongated spikes surrounding
the three-fold symmetry axes and narrow empty channels at the five-fold axes (Figure 3).
The inside of the capsid superimposed with the previously determined structure of the canine parvovirus,
whereas the outer surface showed clear discrepancies. Globular structures at the inner surface of the
capsid at the two-fold symmetry axes were identified
as possible positions for the N-terminal extensions of
VPl and VP2. In the maps the three types of structural proteins were indistinguishable since icosahedral
symmetry was exploited for the determination of particle orientations as well as the calculation of the map
leading to an averaging of the three protein structures.

Figure 3. Surface representation of Adeno associated Virus Type 2 empty capsids at 10.5 A resolution.
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Co ti Group

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 atomiclevel 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 molecular biology and biochemistry to gain molecular insight into this fundamental biological process.

RNA nuclear export

Export of various classes of nuclear RNAs is mediated by distinct and specific factors. We are working
on the structural determinants of the export of two distinct classes of RNAs in collaboration with Elisa
lzaurralde and lain Mattaj in the Gene Expression
program.

Group Leader: Elena Conti

The main nuclear export factor of cellular mRNAs is
a heterodimeric complex known in metazoans as TAPpIS. The TAP-pIS heterodimer is recruited to the
mature mRNA by adaptor proteins and transports the
RNA-protein cargo to the cytoplasm through nuclear

Postdoctoral fellows: Elena Fernandez,
Sebastien Fribourg
PhD students: Noemi Fukuhara, Genaro
Pimienta

pore complexes (NPCs) (reviewed by Conti and
lzaurralde, 2001). TAP is a multidomain protein with
an N-terminal cargo-binding portion and a C-terminal
NPC-binding portion. After determining the structure of two cargo-binding domains of TAP last year
(Liker et al., 2000), we have proceeded to dissect the
structure and function of TAP by focussing on the
NPC-binding portion and on the role of the essential
protein pIS (Fribourg et al., 2001) (Figurel). As expected from sequence analyses carried out in Peer Bork's
group, the structure of pIS in complex with the heterodimerization domain of TAP is similar to NTF2, a
homodimeric transport factor that is required for
nuclear import of the GTPase Ran. The structure
reveals the determinants of TAP and pIS that prevent
both homodimerization and Ran-binding, in the latter
case settling an issue that had been rather controversial in the literature. Unexpectedly, the NTF2-like
domain of TAP binds specifically a Phe-Gly- (FG) repeat
that is characteristic of many nucleoporins that line the
NPC. The crystallographic work shows that pIS does
not bind to FG-nucleoporins repeats and suggests that
its function might rely in maintaining the structure of
the NTF2-like domain of TAP properly folded. The

Technicians: Fulvia Bono, Judith Ebert

-.

Visitor: Matthias Geyer

....

............... ...
Figure 1. The multidomain structure of the TAP-p15 mRNA nuclear export factor. The RNP and LRR domains in the cargo-binding
portion of TAP are shown left and middle, respectively (Liker et al. 2000). The NTF2-like heterodimerization domain of TAP and p15 in
the NPC-binding portion is shown at right (Fribourg et al., 2001).

- - - - - ---------------------------------------------------------------------------- 137 ------------------------------------------------------------------------.----------.---------.--.------'

EMBL 2001 Research Reports

crystallographic results on the NPC-binding determinants of TAP-pIS have been confirmed in vivo and
in vitro by Elisa Izaurralde's group, and predictions of
the role of p 15 from the structure are being tested.
Nuclear export of tRNA is achieved via Xpo-t, a transport factor that belongs to the large family of importinp like proteins. Xpot recognizes mature tRNAs in the
nucleus in the presence of RanGTP and export them to
the cytoplasm. The receptor has been recently identified in Mattaj's laboratory, and its general mode of
interaction with tRNA characterized by protection
experiments. We are working towards the crystallization of a tRNAnuclear export complex with the aim
of identifying the interactions between individual
atoms that are responsible for specific molecular recognition and Ran-mediated regulation. We are also tackling the crystallization of another ternary export complex that is responsible for the recycling of importin a,
the adaptor required to import proteins containing
classical nuclear localization signals.

Publications during the year
Conti, E. & Izaurralde, E. (2001).
Nucleocytoplasmic transport enters the atomic age. Curro Opine Cell Bio1./ 13, 310-319
Fribourg, S., Braun, I.C., Izaurralde, E. & Conti,
E. (2001). Structural basis for the recognition of
a nucleoporin FG repeat by the NTF2-1ike
domain of the TAP IplS mRNA nuclear export
factor. Mol. Cell, 8, 645-656
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Conti/ E. & Kuriyan, J. (2000). Crystallographic
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of distinct nuclear localization signals by karyopherin alpha. Structure Fold. Des., 8, 329-338
Conti, E., Uy, M., Leighton/ L., Blobel, G. &
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of the recognition of a nuclear localization signal by the nuclear import factor karyopherin
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EMBO J., 19(, 5587-5598
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Snail mail to the nucleus Nature, 399, 208-210
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Gibson earn

Multiple alignment
and sequence
analysis in the
Computational
Biology Unit
Team Leader: Toby Gibson
Scientific Assistants: Brigitte AltenbergGreulich, Christine Gemiind, Chenna Ramu
Postdoctoral fellows: Jose Castresana,
Sophie Chabanis-Davidson*
PhD students: Aidan Budd, Rune Linding
Visitors: Rein Aasland, Gabriele Ausiello,
Barbara Branetti, Gianni Cesareni, Sophie
Chabanis-Davidson, Fabrizio Ferre,
Manuela Helmer Citterich, David Martin,
Giovanna Musco, Pal Puntervoll, Allegra
Via, Andreas Zanzoni

* indicates part of . ear only

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 50:50 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. In-house courses in 2001 covered such topics as
multiple sequence alignment and trees, SRS database
manipulation, eukaryotic gene prediction and EMBL
WWW servers. We also introduced the new intake of
predocs to sequence analysis at EMBL.
We have installed and support several computer packages at EMBL of which SRS, the Bioccelerators and the
Gene2EST server (Gemiind et al., 2001) are the most
important facilities that we look after. 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 Gemiind
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. The Bic is ----20 times
faster than a typical desktop workstation, so protein
DB searches take a couple of minutes. Our group has
developed a custom WWW interface to the Bics, based
on Python templates that is easy both to use and maintain. We emphasise the protein vs. DNA frameshifting
capability for searching EST databases, which takes ----12 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. Since installing our first
Bic in late 1996, they have been used for ----50,000
sequence database searches.

Software and l11ethods
developl11ent
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 al., 1994; Jeanmougin et al., 1998). The
two programs continue to be the most widely used
software for multiple alignment. (Clustal W, published in 1994, has now received > 7,000 cita tions,
----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 to improve the Clustal X
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user interface and to port the programs to the new Mac
OSX.

The Gene2EST server
With the advent of whole genome sequences, the
Expressed Sequence Tag (EST) databases have acquired
a very important role in mapping new genes and
defining gene structure. This is particularly so for
human and mouse, with >4 million ESTs available.
There have been no good web tools available for the
typical user to efficiently undertake this task. In an
attempt to improve matters, we have developed and
deployed the Gene2EST WWW server (Gemiind et al.,
2001). Gene2EST uses RepeatMasker and RepBase to
screen out abundant repeat sequences (that confound
EST searches otherwise), and then compares the query
gene sequence against the EST database using BLAST2.
The user is provided with two parsed outputs, one
showing the ESTs aligned to the sequence and the
other in EMBL format for graphical display in Artemis
(http://www.sanger.ac.uk I Software I Artemis I) ,
which can efficiently summarise the revealed gene
structure, including differential splicing. An important
feature of Gene2EST is that, unlike typical BLAST
servers, it accepts very large ("gene-sized") queries.

Sequence and genol11e analyses
Jose Castresana has independently undertaken several
phylogenetic analyses (see reference list). Building on
our earlier analysis, Michael Sattler's group at EMBL
has now solved the structure of the DNA-binding
SAND domain by NMR (Bottomley et al., 2001). Three
areas of interest are discussed in more detail below.
1.-

.

Inherited ataxias
We have been part of a multidisciplinary alliance
working on frataxin, the Friedreich's Ataxia protein,
originally cloned by Michel Koenig's group in
Strasbourg. Support from the Human Frontiers organisation expired in May 2001. This collaboration has
been extremely fruitful, producing for example the
3D structure of frataxin and mouse knockout models
of the disease, but has not so far revealed the biochemical function of frataxin. This year, Martijn
Huynen in the Bork group undertook a survey of 56
available genomes for co-occurring genes (Huynen et
al., 2001). He found that only one gene HscB, has an
identical distribution in genomes, strongly indicating that the two proteins will work together. HscB is
a DnaJ-type chaperone involved in the biosynthesis of
iron-sulphur cluster proteins. The prediction that
frataxin will also be involved in this biosynthetic
process provides a strong focus that should help experimentalists to reveal the biochemical function.
Koenig's group have cloned a new ataxia gene,
aprataxin, this year and I performed a sequence analysis, finding a 3 domain topology, including a HIT
domain, which often interacts with unusual
nucleotides such as diadenosine tetraphosphate. The
results suggest that aprataxin is a nuclear protein that
plays a role in DNA repair, reminiscent of the function
of the protein defective in ataxia telangiectasia, but that
would cause a phenotype restricted to neurological
signs when mutated (Moreira et al., 2001).

Vertebrate polyploidy and
genetic redundancy
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 clus-
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terse 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 Jiirg 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 genome sequence
data to shed further light on this model.

RuNAway - an RNA agent for
TSEs?
The dominant Prion model for spongiform diseases
has still not been proven - no one has purified a Prion.
A minority of researchers continue to seek a nucleic
acid agent, compatible with the rather "standard"
genetic behaviours of TSE strain variation. In surveying the human genome for endogenous candidates
for the TSE agents, retroelements appear to be the
best, or only candidates for a genomic agent that could
replicate out of control. A model has been developed
for how SINE retroelements might cause TSE disease
by runaway replication and interference with neuronal protein synthesis (Gibson, 2001). As yet the
RuNAway model has not been tested and its utility to
the field remains unclear.
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The ELM resource - a new
database of protein l110tifs
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, 2001. Together with our collaborators in Bergen,
Dundee and Rome Universities 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 has
been mainly about setting up the basics, installing
hardware, designing the relational database, developing the curation interface and adding a set of draft
entries to enable testing of the pre-ELM server. Next
year will see the deployment and gradual improvement of a generally available ELM server. At EMBL,
Sophie Chabanis-Davidson, Christine Gemiind and
Rune Linding are mainly working on ELM.
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Hoenger Group
Structural
investigations in
microtubule-motor
protein interactions
by cryo-electron
.
mIcroscopy
Group Leader: Andreas Hoenger
Postdoctoral fellows: Angelika Krebs,
Thomas Wendt
PhD students: Valeria De Marco, Georgios
Skiniotis
Assistants: Rachel Santarella, Kenneth N.
Goldie, Sigrun Brende
Visitors: Steffen Albrecht, Stavros J.
Hamodrakas, Vassiliki Iconomidou, Fabio
Parmeggiani, Guenther Resch, Amani Said

Our lab is specialized on cryo-electron microscopy
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). Our newest research now also focuses on the regulation of kinesin motors by MAPS such
as human TAU-40 and MAP2c. To this end we are
using electron microscopy and digital image analysis
(3-D reconstructions) in combination with molecular
docking and modeling. We obtain 3-D data of large
macromolecular assemblies at intermediate resolution and at most physiological conditions. In addition we have a strong collaboration with Dr. Heinz
Gross at the Institute of Applied Physics, ETH Zurich,
to investigate the surface structures of microtubules
decorated with motors and other MAPs. This method
reveals very interesting 3-D surface information (e.g.
see Figure 6), which complements nicely with the true
3-D volumes obtained with cryo-electron microscopy
(cryo-EM). 3-D data of large assemblies at intermediate resolution provides scaffolds, which allow combining the various individual elements, solved to near
atomic resolution by other methods (e.g. kinesin:
Kozielski et al., 1997; ncd: Sablin et al., 1998; tubulin:
Nogales et al., 1998) 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 al.,
1998; Nogales et al., 1999; Hoenger et al., 2000a; Song
et al., 2001; see also Figure 3). This procedure enabled
us investigating the interaction of the kinesin motor
domain with the
dimer in a microtubule
(Hoenger et al., 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 al., 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
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into the transition between linker and neck of kinesin
(publication submitted). Most of that data correlates
nicely with most recent findings on the neck-linker
domain of monomeric kinesins (Rice et al., 1999, for a
review see Endow 1999). This year we have intensified
our work on dimeric ncd, a retrograde, non-processive
motor of the kinesin family. Thereby we could demonstrate that this motor exhibits a strikingly different
walking mechanism than kinesin (publication submitted).
Most of our cryo-EM and 3-D image reconstruction
results have been carried out using proteins kindly
provided by the groups of Prof. Eckhard Mandelkow
(Hamburg) and Prof. Manfred Schliwa (Munich). In
addition to these collaborations, we are using scanning
transmission electron microscopy (STEM) in the lab of
Prof. Ueli Aebi (Univ. of Basel). STEM was applied to
measure the stoichiometric ratio of kinesin dimers to
tubulin binding sites on the surface of a microtubule
(Hoenger et al., 2000a). As briefly mentioned above, we
further investigated the inner and outer surface topography of motor and MAP decorated tubulin walls in
collaboration with Dr. Heinz Gross from the ETHZuerich (see also Hoenger et al., 2000b). Another
important collaborator is Susan Gilbert from the Univ.
of Pittsburgh. Her data allowed us to further confirm
our data on the interaction of motors and tubulin.
Finally we are collaborating with Isabelle Vernos and
Eric Karsenti (EMBL-Heidelberg) to study the structural and functional properties of the hetero-trimeric
Xenopus Kinesin II (Xlklp3AB). Here we discovered a
completely new (hetero-) dimerization mechanism
within the kinesin families. Unlike for conventional
kinesins the neck alone is not sufficient to promote
dimerization, instead the entire stalk is needed (De
Marco et al., 2001). This motor once it is fully purified
and available for physiological experiments will yield
a tool to independently regulate the nucleotide states
with the two motors during their interaction with the
microtubule surface. We have collaborations on smaller scales with Luis Serrano (EMBL) and Starvos
J
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Hamodrakas (both: cryo-EM on Amyloid fibrils), 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 with
Harald Herrmann (ZMBH, Univ. of Heidelberg) on
an approach to investigate the structure of Vimentin filaments by cryo-EM and soon with EM-tomography.

Structural studies on diIlleric ncd
Illotor Illolecules
(Thomas Wendt and Kenny Goldie with E.
Mandelkow, HH)
Here we used cryo-electron microscopy and image
reconstruction to investigate the structure and microtubule (MT) binding patterns of dimeric Ncd motor
domains under various nucleotide conditions and stoichiometric ratios of Ncd:tubulin. Emphasis was placed
on conditions, which avoided overcrowding of the
MT surface with Ncd dimers and hence reflect close to
physiological conditions for the interaction of dimeric motor head domains with MTs. We applied molecular docking with the dimeric X-ray structure of Ncd
to model mechanisms for force transduction during an
ATP hydrolysis cycle. We could demonstrate that Ncd
exhibits strikingly different nucleotide-dependent 3D conformations and MT binding patterns from those
of conventional kinesin. In the presence of AMP-PNP,
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 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 during ATP hydrolysis,
which may constitute a key element for force transduction in minus-end direction.
L--

.

.

Figure 1. Cryo EM images of MTs decorated with dimeric Ned. Panel (a) demonstrates the cooperative binding pattern of dimeric Ned.
While one of the MT is mostly undecorated (I), partial decoration (III) and complete decoration (II) coexist in the same area. A Fourierfiltered image of the MT and the motors in a side projection allows determining the polarity of the MT according to the shape of the dimeric
motor construct. Panel (b) shows two examples of decorated protofilaments that are stabilized by the presence of motor molecules. The
motors are pointing towards the centre of the curve, which is much wider than for coiled protofilaments or rings (r '"" 20 nm).(See CDROM or on-line version for full colour graphic.)
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Figure 2. Working model for the generation of a minus-end directed power stroke by Ned. The detached Ned dimer has ADP bound and displays low affinity for tubulin (step 1). Once in contact with the MT
surface, one of the two heads releases ADP and thereby increasing its binding affinity. The second head keeps the ADP and maintains only low tubulin affinity (step 2a and 2b). The role of this head would be to
assist in relocating the neck-linker region during the power stroke. The tightly MT-associated head binds ATP, which triggers a large structural change from the conformation suggested in Figure 5f into the 3-D
configuration shown in Figure 3a, 5c and 5d. Thereby the second head will be pulled away from the MT surface and the neck-linker region rotates towards the minus-end. Once ATP is hydrolyzed, the Ned dimer
could release from the MT surface (step 4). The model shown here does not create a processive walk, but would generate a minus-end directed motion of a large cargo in cooperation with other Ned motors
somewhat similar to the situation of muscle myosin. (See CD-ROM or on-line version for full colour graphic.)
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Structural studies on dim.eric
kinesin
(Yiorgo Skiniotis, with E. Mandelkow, HH;
M. H. Gross, Ziirich, CH)

B

Figure 3. Panel A shows a side view and B a top view of our most recent working model of the binding conformation of dimeric kinesins to
microtubules. For a better localization of the neck-linker region a SH3 domain has been engineered into the transition between linker and
neck helix. The leading head exhibits a nucleotide free state, and the trailing head (left) is in an ATP-bound state. The ATP bound state
appears somewhat looser than the nucleotide-free state. The neck helices locate very close to the microtubule surface, which may indicate
an association between the negative charges of the C-terminal end of f3-tubulin and the predominantly positive charges of the kinesin neck.
(See CD-ROM or on-line version for full colour graphic.)

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
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 reconstructions and allows determining the position of the
kinesin neck-linker during a walking cycle. 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 AMP-PNP, and 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 no-nucleotide state
(leading head). Despite the presence of the SH3
domain between linker and neck, the dimeric constructs showed ATP hydrolysis activity and were able
to move microtubules in motility assays. This is a very
promising result and we will continue to apply tomographic reconstructions to these complexes in the very
near future.
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Heterodim.erization Properties of
Xklp3A/B
(Valeria De Marco, with I. Vernos and
Natalie Le Bot, HD)
Kinesin-II motor proteins are composed of two different kinesin-like motor proteins and one cargo-binding subunit. Here we report the cloning of a new member of the kinesin-II superfamily, Xklp3A from Xenopus
laevis, which forms a heterodimeric complex with
Xklp3B. The heterodimer formation properties
between Xklp3A and B have been tested in vitro using
reticulocyte lysate expression and immuno precipitation. To this end we produced a series of different
length Xklp3A and B constructs and tested their
propensity for heterodimer formation. We could
demonstrate that, in contrast to conventional kinesin,
the critical domains for heterodimer formation in
Xklp3A/B are located at the C-terminal end of the
stalk. Neither the neck nor the highly charged stretches after the neck region, which are typical for kinesinsII, are required for heterodimer formation, nor do
they prevent homodimer formation. Dimerization is
controlled by a cooperative mechanism between the Cterminal coiled-coil segments. Classical trigger sites
were not identified. The critical regions for dimerization exhibit a very high degree of sequence conservation among equivalent members of the kinesin-II family.

Structural changes in the
m.icrotubule
upon m.otor binding
(Angelika Krebs, Kenny Goldie)
We were able to show in my earlier work that binding
of kinesin heads to microtubules induce conforma-

tional changes into the tubulin moiety. In particular btubulin, which is the main binding site seems affected
(see Hoenger et al., 1995; Hoenger and Milligan, 1997).
However, these results were very preliminary and
were recorded with negative staining technique, which
is more prone to induce distortions and other artifacts. To improve these earlier data and to generally
develop ways to push the overall resolution of EM
maps from kinesin-microtubule complexes we decided to repeat these investigations with cryo-preparation.
Since this is the main project of A. Krebs, who is in
maternity leave since April 2001 results are promising
but still preliminary.

kinesinl

Localization of m.utation within
the kinesin m.otor dom.ain, which
are affecting m.icrotubule binding
(Andreas Hoenger with Susan P. Gilbert,
Univ. of Pittsburgh, USA)
This project aims at a better determination and confirmation of our suggested interface between tubulin
and kinesin motor domain (see Hoenger et al., 2000).
SPG created mutant head domains which strongly
affect the kinetics of microtubule binding and hence

not essential for
kinesinll dimeriza tion

essential for
dimerization

Figure 4. Xklp3A/B heterodimer formation appears to be based on a cooperative mechanism between the C-terminal part of coiled-coil regionII and the entire coiled-coil region-III. Coiled-coil region-II needs to maintain a minimum length of about two to three heptad repeats otherwise heterodimer formation is inhibited. Four remaining heptads restore full activity. Here we illustrate the key difference in kinesin-II
dimerization from conventional kinesin. Contrary to the situation in conventional kinesin, the neck regions (dotted box) are not responsible for dimerization. Xklp3A/B hetero-dimerization is driven by the C-terminal part of the stalk. The sequences at the N- or C-terminal end
of the far right region both do not exhibit any coiled-coil trigger sequences. The absence of trigger sites and the involvement of two separated coiled-coil regions strongly suggests that dimerization is mediated by a cooperative mechanism, which raises the relatively low individual coiled-coil forming propensities of regions-II and -III to a physiologically significant level.
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the walking properties of the motors. One mutation
(E164K in Drosophila kinesin which corresponds to
E158 in rat kinesin) reveals a particularly strong effect,
which results in a highly increased binding affinity of
the motor head to tubulin (see Figure 5). In contrast, a
similar mutation on the neighboring Aspartic acid
(D165K) remains virtually without effect on the binding constant. As shown in Figure 5 while D165 points
away from the predicted interface E164 makes direct
contacts. These mutants reveal essential information
about the kinesin-microtubule interface.
t

Microtubule binding properties
of TAU and MAP2C:
(Rachel Santarella, Fabio Parmeggiani,
with E. Mandelkow, MPG, HH, and H.
Gross, ETH Zurich)

Figure 5. Mapping of mutations within the kinesin head domain which show significant effects on the binding properties of kinesin.
While an E164K mutant strongly increases the binding affinity ofkinesin D165K remains without effect. This illustration shows nicely
why this is the case: while E164 (E158 in rat kinesin) points towards the motor-tubulin interface D165 points away from the surface and
does not appear to make any contact.
t

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. It is evident
from these experiments that TAU decorated the outer
microtubule surface, but leaves the inner surface free
(see Figure 6). We are currently in the process of investiga ting the binding properties of kinesin motor
domains in the presence of TAU. Preliminary results
suggest that kinesin heads still bind to TAU decorated microtubules but do not walk anymore along them
anymore.
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Tubulin sheets
decorated with
human TAU
Midilab, ETHZueric h

12. Feb. 2001

Figure 6. Unidirectional metal shadowing allows creating a 3-D view of the
surface of macromolecular complexes as
shown here on TAU-decorated microtubules. While the appearance of protofilaments on the outer surface disappears
the inner surfaces are unaffected by TAU
(compare the outer surfaces at low and
high decoration ratios). This indicates
that TAU binds rather unstructured to
the outer microtubule surface. It is also
very obvious from these experiments
that TAU strongly stabilizes Tubulin
polymers such as microtubules or tubulin sheets.

Effects of TPX2 on l11icrotubule
structure and dynal11ics
(Rachel Santarella with I. Vernos and
Oliver Gruss, Mattaj lab, EMBL)
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 of
TAPX2 and Tubulin results in higher-order 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.

Cryo-EM on Actin networks in
intact cells
(Kenny Goldie with Guenther Resch and J.
V. Small, Salzburg, Austria)
Artificially polymerized and native actin meshworks
have been investigated using cryo-EM and stereo
imaging. Native meshworks were observed in the
lamellopodia of mouse melanoma cells, which were
grown directly on an EM-grid coated with a holey
carbon film. These meshworks are prime objects for
tomographic 3-D reconstructions, which we will collect in the near future.
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Figure 7. This figure illustrates the arrangement and density of cytoskeletal structures within the lamellopodia mouse
melanoma cells. Obvious structures such as microtubules and actin bundles are easy to identify. Other complexes, however, require specific labeling. Tomographic 3-D reconstructions will be very helpful to analyze the interactions of the many
complexes in such a system. The inset shows afluorescence light micrograph of a lamellopodium with rhodamin-labeled
phalloidin binding to actin filaments.
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Leonard Group

The study of muscle
and membrane
protein complexes

Group Leader: Kevin Leonard
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Technicians: Petra Haag, Baozhen Song*
Visitors: Belinda Bullard, Julio Ortiz, Feng
Qiu, Shlomo Tranchtenberg

* indicates part of year only

The regulatory protein cOlTIplex
in Lethocerus and Drosophila
lTIuscle
The 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. We have investigated the thin filament regulatory system to see if additional components of the regulatory complex could be responsible for the inactivation at rest length. There are several differences
between the thin filament proteins in Lethocerus and
Drosophila, and regulation in the two insects is likely
to be different, probably as an adaptation to the different wingbeat frequencies.
The regulatory complex, troponin, in Drosophila IFM is
composed of TnT, Tnl, TnC, and TnH which is a fusion
protein of tropomyosin and a proline-alanine (PA)
rich C-terminal extension. In addition, a glutathioneS-transferase with a PA-rich extension at the N-terminus, (GST-2), is associated with the C-terminal half
of Drosophila TnH. Lethocerus troponin has TnT, TnC
and TnH. In order to determine why IFM is less activated by calcium than other muscles, we have determined the cDNA sequences of TnC from Lethocerus
IFM and leg muscle. IFM TnC is predicted to have a
single functional calcium binding site, and leg muscle
TnC two sites. Drosophila cDNAs code for TnCs with
one or two calcium binding sites but it is not yet
known which muscles the different isoforms are in.
Lethocerus TnH is a fusion protein of Tnl and a prolinealanine (PA)-rich C-terminal extension. The expressed
TnH has Tnl activity, as expected. The Tnl sequence in
Lethocerus TnH is highly homologous with Drosophila
Tnl but the C-terminal extension has a more conserved
pseudo-repeating sequence than Drosophila TnH.
Binding assays with expressed Lethocerus TnH show
that the protein binds to TnT, as expected for the Tnl
part of the molecule, and binds weakly to one of the

two IFM isoforms of tropomyosin. The association
with tropomyosin was unexpected and is probably
through the C-terminal half of TnH, since Tnl does not
bind to tropomyosin. The low sensitivity of IFM to calcium is likely to be due to the lower capacity of the TnC
to bind calcium compared to that of leg muscle TnC.
The PA sequences in TnH and GST-2 may sense stretch
and directly affect the steric blocking of actin by
tropomyosin, leading to full activation of fibres already
partially activated by calcium.
In order to investigate the interaction between
Drosophila troponin and GST-2 and to find a possible
function for this interaction, we have crystallised
recombinant Drosophila GST-2 and determined the
structure by X-ray crystallography (Figure 1). The
molecule is a dimer with a larger cleft between subunits than in other GSTs. The protein is enzymatically inactive as a transferase but does bind glutathione.
The PA rich N-terminal extension is not seen in the
structure and is probably disordered.

High lTIolecular weight structural
proteins and lTIuscle 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 D-titin gene (annotated in Flybase
as the SLS or ket 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.

'---.-----.-------------.--.-------------------------.------------------------------------------.---.-----------------.---.---------- 151 ---.--.----------------------------.------------------------.----..--------------.-----.--------------------

.

.

J

EMBL 2001 Research Reports

cleo An epitope at the extreme C-terminus of the ket
gene is spliced onto the end of the 500 kD kettin
sequence, producing a 700 kD isoform which also
bridges thin and thick filaments at the end of the Aband. This isoform is confined to the core region of the
flight muscle myofibril and would form an internal
scaffold providing extra stiffness. Other muscles in
the thorax are expected to be more extensible and to
contain sequence downstream of the 500 kD kettin
which would include the elastic PEVK sequence. This
has been confirmed by labelling non-flight muscles
with antibodies to the PEVK sequence which is confined to the I-band of these muscles. Many isoforms
derived from the ket gene extend from Z-disc to the end
of the thick filaments in different muscle types, but the
protein does not continue further along thick filaments and is not expected to influence myosin activity as has been proposed for vertebrate titin.

Mitochondrial COl11plex I

Figure 1. X-ray structure of the
Drosophila GST-2 dimer which
is part of the regulatory troponin
complex in the flight muscle.

The region of the gene close to the N-terminus has
the entire sequence of kettin, a 500 kDa actin-binding
protein which is predominately made up of Ig-linker
modules. Downstream of kettin, open reading frames
code for up to 7 consecutive Ig domains and 2 regions
similar to the elastic PEVK region of vertebrate titin
(Figure 2). We have made antibodies to constructs
derived from the gene and determined the size of isoforms labelled by these antibodies in flight and nonflight muscles of the Drosophila thorax.
L-

Immunoelectron microscopy shows the position of
different regions of the molecule in the sarcomere of
different muscle types.
Kettin is anchored in the Z-disc at the N -terminus
and binds to actin along its length. In Drosophila flight
muscle, the C-terminal region of kettin is linked to
the end of myosin filaments in the A-band and this
cross-linking of thin and thick filaments is largely
responsible for the high passive stiffness of flight mus-

Complex I is being used to study the effect of
amphipols rather than detergents in stabilising isolated
membrane protein complexes. Amphipols are synthetic polymers which bind strongly to hydrophobic
regions of proteins in a similar manner to detergents.
Their advantage is that no excess of free amphipol is
needed (unlike detergent) and this facilitates, for example, work with thin frozen films in cryo-em. We are
using Complex I because of its large size, and its very
characteristic shape L-shape seen when isolated in
detergent. We have now succeeded in obtaining an
amphipol-stabilised preparation of the whole complex in detergent-free solution. In cryo-em, these show
images which are consistent with those previously
obtained. This work is being carried out in collaboration with H. Weiss (Univ. of Dusseldorf) and J-L. Popot
(Paris). It is supported by a grant from the EC Biotech
Programme.
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Publications during the year
Agianian, B., Clayton, J.D., Leonard, K., Tucker,
P., Bullard, B. & Gros, P. (2001). Crystallization
and preliminary X-ray analysis of Drosophila
glutathione S-transferase-2. Acta Crystallogr. D
BioI. Crystallogr., 57, 725-727
Kulke, M., Neagoe, C., Kolmerer, B., Minajeva,
A., Hinssen, H., Bullard, B. & Linke, W.A.
(2001). Kettin, a major source of myofibrillar
stiffness in Drosophila indirect flight muscle. J.
Cell Bio!., 154, 1045-1057

Figure 2. Analysis of the kettin region of the sIs gene. The upper sequence shows open reading frames and the position of sequence to
which antibodies have been made. The lower sequence is the predicted protein with Ig domains, Fn domains, PEVK sequence, SH3 domain
and unique sequence.
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(2000). Flightin is essential for thick filament
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Prp40 (pre-mRNA processing) is a protein associated
with the U1 snRNP (s.mall ribonuclear protein) and
involved in the early stages of pre-mRNA splicing in
S. cerevisiae. It contains two WW domains, and four
consecutive FF domains. WW domains are proteins
that bind to proline-rich sequences and thereby mediate protein-protein interactions. The name of the
domains stems from two highly conserved Trp
residues, which are typically 21-22 residues apart in the
protein sequence. The region spanning the WW
domains interacts with two components of the splicing commitment protein complex, the branch point
binding protein BBP and Prp8, a core component of the
U5 snRNP. Both BBP and Prp8 proteins, contain the
PPXY motif (with X = any residue and Y = tyrosine or
proline) suggested to be the binding motif for several
WW sequences and also for the Prp40 WW domains.
Since Prp8 has two successive target motifs, it is very
tempting to suggest that both WW domains could
bind to both proline-rich stretches. In contrast to Prp8,
BBP has only one proline rich region and hence only
one WW domain can be involved in the binding
process. In addition to Prp8 and BBP, it has been recently reported that Prp40 directly interacts with the C-terminal region of the largest subunit of the RNA
Polymerase II that contains the consensus sequence
YSPTSPS (Morris and Greenleaf, 2000; Marius, 2001).
The interaction has been mapped to multiple locations including both WW and FF domains. To shed
light onto this complicated net of interactions that
involve the Prp40 protein, we have determined the
three-dimensional solution structure of the region
comprising both WW domains and also the first FF
domain, by heteronuclear multidimensional NMR
spectroscopy. WW domains appear in proteins very
often as tandems, this is the first time that the structure
of one of those tandems is reported. In addition, using
NMR and other biophysical techniques, we have studied the binding properties of the Prp40 WW domains
to different peptides taken from the BBP, Prp8 and
CTD RNA Pol II proteins. Based on the highly homologous protein sequences of Prp40 and the mammalian

splicing factors FBP21 and FBP11, similar 3D structures
and binding preferences are predicted for the mammalian homologues.
Rsp5 recognizes the carboxyl terminal domain (CTD)
of the RNA polymerase II large subunit, as a substrate
for catalyzing its multi-ubiquitination and degradation. In addition, it has also been recently reported
by different groups other peptide sequences able to
bind to the WW domains of Rsp5. We are therefore
studying the interactions between WW domains of
Rsp5 and seven different peptides that lack a unique
consensus motif to understand the rules that govern
the recognition of different peptide targets by one
particular WW sequence.
Together with the group of Alan Fersht (MRC
Cambridge), we are studying the stability of the WW
fold by combining theoretical and mutational studies.
In addition, in collaboration with R. Wade group, we
are trying to understasnd the role of aromatic residues
in WW domains for the stability of the structure. As an
example we have successfully increased the midpoint
temperature of the Yap65 WW sequence to nearly the
double of its initial value, by introducing only three
mutations. The detailed characterization of the folding
and stability of WW domains is on the way.
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Fabrega, c., Macias, M.J. & Eritja, R. (2001).
Synthesis and properties of oligonucleotides
containing 8-bromo-2'-deoxyguanosine.
Nucleosides Nucleotides Nucleic Acids, 20,
251-260
Ferguson, N., Johnson, C.M., Macias, M.,
Oschkinat, H. & Fersht, A. (2001). Ultrafast
folding of WW domains without structured
aromatic clusters in the denatured state. Proc.
Nat!. Acad. Sci. USA, 98, 13002-13007
Macias, M.J., Wiesner, S. & Sudol, M. (2002).
WW and SH3 domains, two different scaffolds
to recognize proline-rich ligands. FEBS Lett.,
513,30-37
Pires, J.R., Taha-Nejad, F., Toepert, F., Ast, T.,
Hoffmuller, U., Schneider-Mergener, J., Kuhne,
R., Macias, M.J. & Oschkinat, H. (2001).
Solution structures of the YAP65 WW domain
and the variant L30 K in complex with the peptides GTPPPPYTVG, N-(n-octyl)-GPPPY and
PLPPY and the application of peptide libraries
reveal a minimal binding epitope. J. Mol. BioI.,
314, 1147-1156
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We are interested in using protein three-dimensional
structure and sequence information to understand
and predict aspects of molecular function and evolution. More specifically, our research is currently
focused on protein structure comparison, structure
prediction, protein-protein interactions, and proteinligand specificity.

Exon/ intron structure
conservation at low sequence
silllilarity
Many pharmaceutically important protein therapeutics are difficult to detect using conventional sequence
comparison methods. Knowledge of three-dimensional structures for several such proteins shows that
they have highly similar folds despite insignificant
sequence similarities. Quite curiously, some of these
proteins also show similarities in their underlying the
location and phase of introns within genomic DNA (the
exonic structure). Previously, only isolated instances
of this phenomenon had been discovered by eye. With
the ultimate aim of developing new methods for novel
gene identification by exonic structure comparison, we
sought all examples of this unusual phenomenon within domain databases.
We considered exonic structures for proteins within the
SMART and SCOP databases and identified several
examples of this phenomenon (Betts et al., 2001). Figure
1 shows a striking example occurring within the fourhelical cytokines, a diverse superfamily of vertebrate
specific, extra-cellular effector molecules. Despite no
detectable sequence similarity, these proteins adopt a
similar tertiary structure, and also have similar exonic structures consisting of four exons, interrupted by
three phase 0 introns.

* indicates part of year only

Why this phenomenon occurs is mysterious, though
some clues as to a reason come from the functions
156

and species distributions. Many of the extracellular
domains exhibiting this phenomenon occur within
vertebrate specific proteins involved in the immune
system, and other examples are found in the many
nuclear receptors within C. elegans. Both classes of
proteins were apparently under evolutionary pressure in recent history, suggesting that exon-structure
conservation may be due to a recent common ancestor
that evolved very rapidly by point mutations in a time
too short for changes in exonic structure to occur.
Knowledge that a protein family shows conservation
of exonic structure even at low sequence similarity
has potential applications in phylogeny and sequence
comparison. We plan to exploit knowledge of exonic
structure conservation to detect new members of particular protein families, such as four-helical cytokines.

An ancient peptide world?
Proteins are often composed of linear arrangements of
functional domains. Although it is widely accepted
that the number of domains or folds in Nature is likely limited, to date the origin of this set of folds has not
been discussed in detail. The identification of numerous examples of local sequence and structure similarities within different protein folds (e.g. Lupas et al.,
2001; Copley et al., 2001), together with the growing
number of examples of protein domains composed of
repeated sequences and/ or structures provides some
clues as to the origin of protein folds. A compelling
idea is that modern folds or domains evolved from
ancient short peptide ancestors (antecedent domain
segments). In this model (Figure 2), ancient protein
structures were formed by self-assembling aggregates
of short polypeptides. Thus the proteins that we see
today could be the result of fusion of two or more
"mini-genes" .
---l
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Figure 1. a) Gene structure conservation within the four helical cytokines. Alignment showing a
member of the four-helical cytokine superfamily Residues are shaded to if amino acid properties are
conserved. Structurally similar regions are boxed. The location of introns within each sequence is shown
within braces; the two numbers denote the phase and length of the intron. A 'x' denotes regions where
unconserved sequence is not shown for clarity. The location of the four helices common to all proteins in
this superfamily is shown below the alignment. b) Figure showing the structure of granulocyte
macrophage colony stimulating factor a-helices are shown as ribbons, f3-strands as arrows and other
structures as coil.
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Structural siInilarity to link
sequence space
The current pace of structural biology now means
that protein three-dimensional structure can be known
before protein function. This makes methods for
assigning homology via structure comparison of growing importance. Previous research has suggested that
sequence similarity seen after structure-based alignment is one of the best discriminators of homology and
often functional similarity. We exploited this observation, together with a merger of protein structure &
sequence databases, to predict distant homologous
relationships. We used the Structural Classification
Of Proteins (SCOP) database to link sequence alignments from the SMART and Pfam databases. This
gives new alignments that could not easily be constructed in the absence of known three-dimensional
structures. We developed a method to assign statistical significance to sequence identities found after
structural alignment and thus suggest the best link
between diverse sequence families.
We found that several distantly related protein
sequence families can be linked with confidence, showing the approach to be a means for inferring homologous relationships and thus possible functions when
proteins are of known structure but of unknown function. We identified several new potential superfamilies,
where inspection of the associated alignments and
superimpositions revealed conservation of unusual
structural features or co-location of conserved amino
acids and bound substrates. We have since applied
this approach to similarities between the HprK structure (Scheffzek group) and other P-Ioop containing
nucleotidyl transferases.
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Figure 2. Schematic showing the hypothetical evolutionary scenario that might have led to the evolution of thioredoxin and disulphide
bonding forming protein DsbA from a series of different antecedent domain segments (ADSs). a-Helices are represented by circles and f3strands by triangles. The different shaded segments represent "mini-genes" encoding the corresponding ADSs. (See CD-ROM or on-line
version for full colour graphic.)
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Protein interaction specificities
Protein-protein interactions are central to most biological processes. Although much recent effort has
been put into methods to identify interacting partners, by methods such as two-hybrids, there has been
a limited focus on how these interactions compare
with those known from three-dimensional (3D) structures. Since comparison of protein interactions usually
involves considering homologous, but not identical,
proteins, a key issue is whether proteins that are
homologous to an interacting pair will interact in the
same way, or indeed interact at all.
We have developed a method to model putative interactions on complexes of known 3D structure. Given a
3D complex and alignments of homologues of the
interacting proteins, we assess the fit of any possible
interacting pair on the complex. Test using well studied systems with known complex structures show that
the method is often successful at predicting correct protein-interaction specificities.
We have also explored the intersection between complexes of known structure and interactions proposed
between yeast proteins by methods such as twohybrids. Only about 1% of the nearly 3000 interactions
predicted between yeast proteins are homologous to a
complex of known 3D structure (about 300 in total).
Nevertheless, the method confirms several proposed
interactions, and more importantly suggests key
molecular details of how they could occur.
We are also currently applying previous methods for
predicting determinants of protein substrate specificity (i.e. amino acid changes; Hannenhalli & Russell,
2000; Calver et al., 2001; Robbins et aI., 2001) to all
known protein families. Initial results suggest that
such determinants can be predicted automatically for
hundreds of enzymes. We plan to use this information
to resolve ambiguities that occur during genome annotation, where sequence similarity alone cannot predict
the correct specificity of a protein with confidence.

Publications during the year
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NMR spectroscopy is a powerful tool for studying
structures, dynamics and interactions of biological
molecules in solution. Nowadays, due to advances in
NMR methodology, hardware and isotope labeling
techniques, proteins or complexes of up to 100 kDa
molecular weight can be studied. The three-dimensional structure of a protein complex forms a basis to
understand molecular recognition at an atomic level.
NMR is especially suited to determine the dynamics of
biological molecules and to map their interactions.
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.

Sattler Group

Biomolecular NMR

Protein dOl11ains
Group Leader: Michael Sattler
Staff Scientist: Maria Macias-Hernandez*
Postdoctoral fellows: Matthew Bottomley*,
Conchita-Concepcion Civera*, Alexander
Gasch*, Esther Kellenberger, Ana Messias
PhD students: Christian Edlich, Ximena
Ramirez*, Philipp Selenko, Alison Shaw*,
Remco Sprangers, Silke Wiesner, Katia
Zanier*
Technician: Gunter Stier
Visitor: Filipp Fabian, Lukasz Kowalik,
Claudia Muhle-Goll, Juri Rappsilber
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The SAND domain - a novel DNA
binding fold in transcription regulation
(Matthew Bottomley, Zhihong Liu)
The SAND domain is a conserved sequence motif
found in a number of nuclear proteins, including the
Sp100 proteins, the Glucocorticoid Modulatory
Element ]2inding (GMEB) proteins and NUDR (Gibson
et al., 1998). These are thought to play important roles
in chromatin-dependent transcriptional regulation
and are linked to many diseases. We have solved the
three-dimensional structure of the SAND domain of
Sp100b, a protein which is a main constituent of
nuclear bodies (Bottomley et aI., 2001; Wojciak & Clubb,
2001). The structure represents a novel
fold, in
which a conserved KDWK sequence motif is found
within an alpha-helical, positively charged surface
patch. For NUDR, the SAND domain is shown to be
sufficient to mediate DNA binding. Using mutational
analyses and chemical shift perturbation experiments,
we have mapped the DNA binding surface to the ahelical region encompassing the KDWK motif. The
- - - - - - -
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DNA binding activity of wild type and mutant proteins
in vitro correlates with transcriptional regulation activity of full length NUDR in vivo. Thus, the evolutionarily conserved SAND domain defines a new DNA
binding fold that is involved in chromatin-associated
transcriptional regulation.
We are now interested in understanding the DNA
binding and transcriptional regulation activity of other
SAND domains. With Klaus Scheffzek (EMBL) we
have determined the crystal structure of the GMEB
SAND domain and characterize its DNA binding and
dynamical properties by NMR spectroscopy. This work
uses two complementary structural biology techniques
(X-ray crystallography and NMR spectroscopy) to further characterize the molecular structure and DNA
binding of GMEB with the aim to learn more about the
specificity of the DNA binding and molecular functions mediated by different SAND domains.

The D EP domain - a new adaptor module
in signal transduction?
(Maria Macias, Gunter Stier, Bernd Simon)
The 100 residue DEP domain is present in several proteins involved in signaling processes such as
12ishevelled, EgI-10, and Eleckstrin (Ponting & Bork,
1996). A K417M mutation within the DEP domain of
the Drosophila Dishevelled protein is defective in the
EPP (epithelial planar polarity) signal transduction
pathway mediated by the Frizzled receptor. We have
determined the 3D structure of the Pleckstrin DEP
domain which exhibits three alpha helices and four
short beta-strands arranged in an
topology. The molecular surface of the DEP domain
suggests a surface that may interact with other molecules which, however, are not yet characterized. In a
collaboration with the Moldzik group we are studying
the effects of the K417M and additional mutations on
the structure and function of the Dsh protein.
.
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We are also interested to understand the function of the
DEP domain in the Pleckstrin protein in order to gain
insight into the molecular functions of Pleckstrin. In
collaboration with Carsten Schultz's group we are
studying phosphoinositide interactions of Pleckstrin
in response to platelet activation.

Molecular recognition during
RNA processing
Numerous protein/protein and protein/RNA interactions are functionally important during the processing of pre-mRNAs in multimeric and often dynamic protein/RNA assemblies. We are especially interested to elucidate the structural basis for the molecular recognition between proteins and RNA during premRNA processing.

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 (Editorial, 2001;
MacKenzie & Gendron, 2001). The 294 residue SMN
protein is part of a multimeric complex which includes
the spliceosomal Sm core proteins. In the cytoplasm,
SMN protein is required for the assembly of spliceosomal uridine-rich small nuclear ribonucleoprotein
(U snRNP) complexes during which the Sm core proteins are bound to the U snRNAs. The Tudor domain
of SMN mediates the Sm protein interaction and is
required for U snRNP assembly. A SMA causing point
mutation (E134K) within the SMN Tudor domain prevents Sm binding. We found that the C-terminal arginine- and glycine-rich tails of Sm proteins bind to a
L--

conserved negatively charged surface on the threedimensional structure of the Tudor domain (Selenko,
Sprangers et al., 2001). An intriguing structural similarity between the Tudor domain and the fold of the
Sm proteins suggests an additional binding interface
that resembles the interaction between Sm proteins.
This suggests how SMN may function as a chaperone for the cytoplasmic assembly of the Sm proteins
onto the Sm-site RNA (MacKenzie & Gendron, 2001).
We are currently studying the interaction between the
SMN Tudor domain and a Sm D1/D2 heterodimer.
NMR titrations and additional biochemial studies suggest the formation of a ternary complex.
Recently, it was found that in vivo the C-terminal tails
of Sm D1 and Sm D3 contain symmetrically dimethylated arginines (sDMA). Notably, we found that symmetric arginine dimethylations increases the affinity of
Sm tails to the SMN Tudor domain. Thus, methylation
is a potential mechanism to regulate the SMN ISm
protein interaction and thus U snRNP assembly assisted by SMN (Brahms et al., 2001; Friesen et aI., 2001). We
are currently investigating the structural basis for
recognition of sDMA by the SMN Tudor domain using
a combination of NMR and crystallography.

Structure of the histone mRNA 3' hairpin
(Katia Zanier, Ingrid Luyten)
Expression of replication-dependent histone genes
requires a conserved hairpin RNA element in the 3'
untranslated regions of poly(A)-less histone mRNAs.
The 3' hairpin element is recognized by the hairpin
binding protein or stem-loop binding protein
(HBP /SLBP). This protein/RNA interaction is important for the endonucleolytic cleavage generating the
mature mRNA 3' end. The 3' hairpin and presumably
HBP /SLBP are also required for nucleo-cytoplasmic
transport, translation and stability of histone mRNAs.
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RNA 3' processing and mRNA stability are both regulated during the cell cycle.
We have determined the three-dimensional structure
of a 24-mer RNA comprising a mammalian histone
RNA hairpin using heteronuclear multidimensional
NMR spectroscopy (Zanier et al., 2002). The hairpin
adopts a novel UUUC tetraloop conformation which
is stabilized by base stacking involving the first and
third loop uridines and a closing U-A base pair, and by
hydrogen bonding between the first and third uridines
in the tetraloop. The HBP interaction of hairpin RNA
variants was analyzed in band shift experiments.
Particularly important interactions for HBP recognition
are mediated by the closing U-A base pair and the
first and third loop uridines whose Watson-Crick functional groups are exposed towards the major groove of
the RNA hairpin. The results obtained provide novel
structural insight into the interaction of the histone 3'
hairpin with HBP, and thus the regulation of histone
mRNA metabolism.

Molecular interactions of SFl recognition of the splicing branch site in
pre-mRNA introns
An initial step during assembly of the spliceosome
requires the identification and recognition of premRNA introns. This involves the formation of a multimeric protein/RNA complex which bridges the 5'
and the 3' intron splice sites (Abovich and Rosbash,
1997). Two splicing factors, SF1 ("splicing factor 1", also
termed BBP for ".B.ranch site .B.inding Erotein") and the
heterodimeric U2AF (U2 guxiliary factor) interact with
each other and bind cooperatively to pre-mRNA intron
sequences near the 3' splice site (Figure 1a). SF1 recognizes the intron branch site RNA, and also binds to
the C-terminal RNA binding domain of the large subunit of U2AF. We study these molecular interaction
during pre-spliceosome assembly in collaboration
with Angelika Kramer (University of Geneva) and
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Figure 1. a) During spliceosome assembly a cooperative

interaction between SF1, U2AF and the pre-mRNA intron is
formed. Multiple protein/RNA and protein/protein interactions
allow for specific recognition of the intron. The structure shown
in (b) provides a molecular view of the recognition of the branch
point sequence (BPS) by SFl (indicated with arrow). The
structure is also consistent with an additional electrostatic
interaction between the positively charged RS domain of
U2AF65 and the solvent-exposed phosphate backbone in the BPS
RNA which has been observed by cross-linking. b) Ribbon (left)
and molecular surface representation (right) of SFl bound to the
branch site RNA sequence in pre-mRNA introns. The conserved
branch point adenosine (AS) is specifically recognized by the
protein and its base is deeply buried. The recognition of the
branch point adenosine facilitates the binding of U2 snRNP onto
the branch site and is consistent with a kinetic role that SFl
plays for spliceosome assembly.
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Juan Valcarcel (EMBL). Once we have obtained the
structures for the invidual molecular interactions we
aim to assemble larger protein/RNA complexes
around the pre-mRNA, and to characterize their structures and dynamics by NMR.

trostatic contacts and hydrophobic interactions and is
supported by site directed mutagenesis.

(Zhihong Liu, Ingrid Luyten, Matthew
Bottomley, Ana Messias, Remco Sprangers,
Katia Zanier)

(Bernd Simon)

We have determined the three-dimensional structure
of the RNA binding region of SF1 in complex with
the intron branch site RNA (Liu, Luyten et al., 2001).
The structure indicates that STAR (signal transduction
and activation of RNA) family proteins like SF1, Sam68
and others comprise and enlarged KH fold by the
addition of a fourth a-helix. Numerous intermolecular NOEs between protein and RNA provide a detailed
view of the protein/RNA interface (Figure 1b). The
RNA-binding surface is very hydrophobic and comprises helices a1, a2 and strand
of the SF1 KH
domain, as well as the additional helix a4. RNA recognition by SF1 is consistent with point mutations which
interfer with RNA binding and splicing. Our structure
provides the first molecular view for sequence specific
recognition of the splicing branch site and suggests
how SF1 may support efficient assembly of the prespliceosome complex A. We are now investigating
potential conformational differences between the free
and RNA bound forms of SF1 and characterize the
molecular interactions of larger regions of SF1.

(Philipp Selenko, Remco Sprangers, Gunter
Stier)
We study the structural basis for the molecular interaction between the N-terminal region of SF1 and
U2AF65. The structure determinations is far progressed and indicates a novel protein/protein interface
for the third RNP-type RNA binding domain (RBD3)
of U2AF65. The recognition of RBD3 involves elecL--

NMRMethods
The application of heteronuclear multidimensional
NMR experiments to uniformly 13C/15N-labeled RNA
samples greatly facilitates NMR based structure determination of RNA molecules in solution. We have developed a new NMR experiment for correlating H2 and
H8 protons in adenine bases (Simon et al., 2001). The
new pulse sequence utilizes the TROSY principle and
is therefore applicable to larger (> 15 kDa) RNA molecules or molecular complexes. We have also developed a new experiments for measuring scalar couplings across hydrogen bonds in C-G Watson-Crick
base pairs. This experiment is recorded in D 20 solution
and helps to overcome problems of signal overlap
and allows direct measurement of these hydrogen
bonds even in the presence of exchange broadened
imino resonances.
The use of residual dipolar couplings allows fast and
efficient characterization of domain orientations and
dynamics of multidomain proteins (Simon & Sattler,
2002). We are using this novel NMR technique in the
structural studies described above.

Titin dom.ains
(Claudia Muhle-Goll, visitor)
Titin is a giant muscle protein that is thought to act as
a molecular ruler during myofibrillogenesis. The Aband part of titin mainly consists of a well-ordered
super-repeat array of immunoglobulin (Ig)-like and
fibronectin-type III (fn3)-like domains. We have developed structural models for all of titin/s 132 fn3-like

domains based on their homology to our previously
determined NMR structure of A71 of (Muhle-Goll et al.,
1998). An analysis of the models with respect to sidechain conservation showed that conserved residues
form an extensive surface pattern. Since these residues
may function as protein binding sites, we experimentally studied the binding properties of expressed multidomain fn3 fragments and found that they specifically bind to the sub-fragment 1 of myosin. We also measured the effect of fn3 fragments on the contractile
properties of single cardiac myocytes in collaboration
with the group of Henk Granzier (Washington State
University) and the group of Siegfried Labeit
(Universitatsklinikum Mannheim). We developed a
model of how titin/s fn3-like domains may influence
actomyosin interaction and be involved in the FrankStarling mechanism of the heart (Muhle-Goll et aI.,
2001).
Passive force develops in titin' s extensible region
which consists of the PEVK segment in series with
tandemly arranged immunoglobulin(Ig)-like domains.
In collaboration with Henk Granzier and Siegfried
Labeit we tried to explore the structural basis of the differences in mechanical stabilities of two tandem-Ig
segments, one from the differentially spliced (165-70)
and one from the constitutive region (191-98). We compared the amino-acid sequence of 165-70 domains with
that of 191-98 domains and by using homology modeling analyzed how sequence variations may affect
domain folding free energies. Simulations suggest
that the different mechanical stabilities may be due to
differences in hydrophobic contacts and strand orientations.

(Christian Edlich)
The two N-terminal Ig domains of titin Zl and Z2 are
located at the edge of the Z-disc where they interact
with Telethonin (T-cap). The functional role of this
interaction is still poorly understood, but a null-mutation of telethonin has recently been shown to cause
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limb-girdle muscular dystrophy type 2G. We have
expressed a triple labelled construct of 2122 and have
been able to achieve the backbone assignment. We
used 15N relaxation experiments to characterize the
dynamics of the double domain. In collaboration with
the Wilmann's group at EMBL Hamburg we have
expressed Telethonin as a stable protein. At present, we
try to map its binding site on 2122 to further compare
the dynamics of uncomplexed ZlZ2 and in complex
with Telethonin.
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We combine X-ray crystallography with various bio-

Suck Group

chemical 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 contin-

Structural basis
of protein-nucleic
acid interactions

ued our studies on structure-selective nucleases
focussing in particular on Holliday junction resolvases. Another major focus of our research has been on Sm
proteins from Archaea and Sm-related proteins.

Structure-selective n ucleases
Structure-selective nucleases recognise particular structural features of their substrates while showing little

Group Leader: Dietrich Suck
Postdoctoral fellows: Rainer Birkenbihl*,
Claude Sauter

sequence-specificity (Suck, 1997). The level of their
structural specificity ranges from simple discrimination between single- and double-stranded substrates

PhD students: Christian Biertiimpfel,
Stephane Thore, Imre Toro*

DNA or Holliday junctions. Among the nucleases we

Technician: Jerome Basquin

have studied are the single-strand specific fungal

Visitors: Lynda Souvannavong Mioara
Lazar, Emmi Olson, Lynda Souvannavong

to the recognition of specialized structures like flap

enzymes PI and SI (Romier et al., 1998a); the doublestrand specific DNase I (Suck, 1997); T5 5' nuclease
exhibiting a pronounced selectivity for flap DNA
(Ceska et al., 1996); the Iv 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 al.,
1999; collaboration with Francis Stewart); and the
junction-resolving enzymes T4 Endonuclease VII
(Raaijmakers et al., 1999), yeast Ccel and archaeal

* indicates part of year only

L

Hjc's.
---------------------------------------------

Holliday junction resolvases: T4
endonuclease VII/yeast Ccel/ A.
fulgidus Hjc
(Christian BiertiimpfeI, Rainer Birkenbihl,
Claude Sauter, Imre Taro; collaboration
with Barries Kemper, Univ. Cologne)
Phage T4 endonuclease VII (Endo VII), the first enzyme
shown to resolve Holliday junctions, shows 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 al., 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 functional significance for its broad
substrate specificity (Raaijmakers et al., 2001).
By solving the X-ray structures of complexes with
various 4-way DNA junctions and simple mismatched
DNA duplexes we want to determine how Endo VII
recognizes and cleaves such apparently widely different substrates. Extensive screening using the sparse
matrix technique has yielded first crystals of a complex
with a fixed 4-way DNA junction (Figure Ie) (space
group P3 or P6, a=b=116.85 A, c=246.7 A) and a mis
matched DNA duplex (Figure Id) diffracting to . . . 4A
and . . . 7A respectively.
-

o

In contrast to Endo VII, the yeast Ccel as well as the
archaeal A. fulgidus Hjc proteins specifically recognize and cleave 4-way DNA junctions. In addition,
the yeast enzyme shows some sequence specificity
cutting preferentially 3' to a CT dinucleotide (Neef et
al., 2002; White & Lilley, 1997). Very recently we have
obtained well diffracting trigonal crystals of the A.
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fulgidus Hjc protein !Figure If) (space grc:up P321,
a=b=37.1 A, c=246.7 A) and a complete 2.7 A data set
has been collected at beam-line ID14-1 at the ESRF
(Grenoble). We hope to solve the structure by molecular replacement using the coordinates of the previously determined Hjc structures from S. solfataricus or
P. furiosus.

RNA binding / lllodifying
proteins
Projects in this category include Sm-related proteins,
tRNA-guanine trans-glycosylases (Romier et al., 1998b)

20

and Arclp, a protein necessary for the efficient aminoacylation of Met and Glu tRNA in yeast (J. Basquin;
collaboration with G. Simos). Arcl associates in vivo
with these tRNAs and their corresponding aminoacyltRNA synthetases (Galani et al., 2001). Aim of the project is to study the role of Arclp in the conformational stabilization of the interactions in this multi-component complex. Crystallization experiments with a
ternary complex of Arcl 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.

Sm proteins from Archaea
(S. Thore, J. Basquin, C. Sauter, I.Toro, C.
Mayer; collaboration with Bertrand
Seraphin, CNRS, Cif sur Yvette and
Christa Schleper, University of Darmstadt)
Sm and Sm-like (LSm) proteins are components of the
small nuclear ribonucleoprotein particles (snRNPs)
of eukaryotic cells which are involved in a variety of
RNA processing events including pre-mRNA splicing, rRNA processing, mRNA degradation and tRNA
maturation. In eukaryotes seven distinct Sm proteins
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Figure 1. Crystals of A) A.
pernix Sml protein; B) P.
abyssi Sml1U7 complex; C)
E. coli Hfq protein; D) Endo
VII mismatched DNA
complex; E) Endo VIII
Holliday junction complex F)
A. fulgidus Hjc protein.

' - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - 166 - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - '

EMBL 2001 Research Reports

form the core domain of the spliceosomal snRNPs
and bind to the so-called Sm-site, a uridine-rich singlestranded region of the snRNA. Sm and Lsm proteins
share a common, bi-partite signature sequence,
approximately 70 amino acids long, known as the Sm
domain.
Sm-related proteins have recently been discovered
also in Archaea (Salgado-Garrido, 1999). In contrast to
eukaryotes, Archaea encode a maximum of two distinct Sm-related proteins belonging to two subfamilies
we refer to as Sml and Sm2. Their function is still
largely unknown. As part of a structural and functional analysis of archaeal Sm proteins, we have
cloned, expressed and crystallized Sm proteins from
various organisms including Archaeoglobus fulgidus,
Pyrococcus abyssii, Aeropyrum pernix and Sulfolobus solfataricus.
Last year we reported the structure of a complex of the
Sml protein from the euryarchaeon A. fulgidus (AFSml) bound to oligo(D) (Toro et al., 2001). Together
with the previously determined structures of the
A.fulgidus AF-Sm2 (Toro et al., submitted) and P.abyssi
Sml proteins (Mayer et al., in preparation), this complex indicates that the Sm monomer fold as well as the
overall architecture of the Sm core domain has been
conserved during evolution. The heptameric ringstructures seen in the archaeal Sml proteins resemble
the model proposed for the human snRNP core domain
by Nagai and coworkers based on the crystal structures
of two dimeric Sm complexes (Kambach et al., 1999).
The homo-heptameric archaeal complexes may therefore represent a primitive form of the Sm core domain
of eukaryotic RNPs. Furthermore, a conserved uracilbinding pocket indicates a common RNA binding
mode for archaeal and eukaryotic Sm proteins.
The biological significance of the hexameric AF-Sm2
complex (Toro et al., submitted) is still unclear. The differences in the intersubunit contacts provide an explanation for the distinctly different olgomerization
L

.

.

•

behaviour and stability of the archaeal Sm2-type proteins. (The Sml complexes are very stable under a
wide range of conditions, while the oligomerization of
the AF-Sm2 protein strongly depends on the pH and
the presence of RNA).
We have very recently obtained crystals of a complex
of the P. abyssi PA-Sml protein with a heptameric
oligo(D) (Figure Ib). These crystals (space group PI,
a=b= 68.oA, c= 84.8A) diffract to ----2.1 A and contain 2
heptameric rings in the asymmetric unit. The structure
was solved by molecular replacement and is presently being refined. Crystals have also been obtained for
the Sml (Figure la) and Sm2 proteins from A. pernix.

The in vivo function of archaeal Sm
proteins
As reported last year, immunoprecipitation experiments show, that the AF-Sml and Af-Sm2 proteins
from A.fulgidus both associate with RNase P RNA in
vivo suggesting a possible role in tRNA maturation.
Whether the interaction with RNA is direct or mediated by other proteins remains to be determined, as
well as the nature of the interaction between the Sml
and Sm2 proteins.

E. coli Hfq
(c. Sauter, J. Basquin)
E. coli Hfq, also known as host factor I (HF-I) for phage
QfS 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 (Wasserman et al., 2001). Structurebased sequence alignments (Sauter et al., unpublished
results) unexpectedly suggest a remote homology
with Sm proteins. EM investigations indicate that it
forms a multi-subunit ring structure, possibly a homohexamer. In addition, Hfq shows preferential binding to polyD. Hfq therefore has the characteristic features of eukaryotic and archaeal Sm proteins.
We have obtained tetragonal crystals of Hfq (space
groupI4, Figure lc) diffracting to 2.7 A resolution at
beamline ID14-1 (ESRF).

Other projects
Yeast Pop2 exonuclease (collaboration with Bertrand
Seraphin, CNRS, Gif sur Yvette).

In order to test whether the interaction with RNase P
RNA 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 (D. Darmstadt) aimed at defining the in vivo partners of the Sm proteins from the crenarchaeon S. solfataricus. This group has developed a
self-spreading Sulfolobus/E. coli shuttle vector based on
the S. shibatae SSVI virus (Stedmann et al., 1999). It is
planned to insert a tagged version of one of the S. solfataricus Sm proteins into this vector and after expression of the tagged protein purify the formed complexes using an affinity column.
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Estrogen receptors play an important role in physiology as they mediate the specific effects of the hormone estrogen during the development, proliferation,
tissue differentiation and reproduction in many
species. Estrogens are also involved in several pathological situations, such as breast and endometrial cancer, atherosclerosis, Alzheimer's disease and osteoporosis.
The estrogen receptors act as transcription factors that
either bind directly as a dimer to a response element
sequence on the DNA of a target gene or work indirectly through protein-protein interactions, for instance
by interacting with AP-1 associated with its cognate
response element. The exact mechanisms that underlie the pleiotropic effects of estrogens in physiology
and pathology, although becoming clearer and the
subject of intense research, are far from being complete.
The comparison of different model systems, including
human, mouse and chicken, to characterize the regulation of estrogen receptor gene expression has
improved our understanding of how one hormone
exerts multiple, but specific effects. The alignment of
estrogen receptor genes between different species
assists in identifying how the expression of ER is regulated. It is now well established that the ER alpha
gene in human, mouse and chicken is a complex genetic unit that shows alternative splicing and differential
promoter usage that result in the expression of estrogen receptor protein isoforms.

Estrogen receptors in hum.an and
m.ouse bone
The beneficial influence of estradiol in the maintenance of healthy bone is well recognized. However, the
way in which the actions of this hormone are mediated is less clearly understood. In primary osteoblasts,
we have shown that the F-promoter is the only promotor used for the expression of the ER-a gene in
l_ _.
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human. Western Blot analysis of ERa in osteoblasts
clearly demonstrated that the well characterised 66
kDa ERa was only one of the ERa isoforms present. We
demonstrated that a 46 kDa isoform of ERa, expressed
at a level similar to the 66 kDa isoform, is also present
in human primary osteoblasts. This shorter isoform is
generated by alternative splicing of an ERa gene product, that results in exon 1 being skipped with a start
codon in exon 2 used to initiate translation of the protein. Consequently, the transactivation domain AF-1 of
the 46 kDa ERa isoform is absent. Functional analysis
revealed that hERa46 is able to heterodimerize with
the full-length ERa and also with
Further, a
DNA-binding complex that corresponds to hERa46
is detectable in human osteoblasts. We have shown that
hERa46 is a strong inhibitor of hERa66 when they
are co-expressed in the human osteosarcoma cell line
SaOs (Figure 1). As a functional consequence, proliferation of the transfected cells is inhibited when
increasing amounts of hERa46 are cotransfected with
hERa66. In addition to human bone, the expression of
the alternatively spliced ERa mRNA variant is also
detectable in bone of ERa knockout (aERKO) mice.
These data suggest that, in osteoblasts, estradiol can act
in part through an ERa isoform that is markedly different to the 66 kDa receptor. The expression of two
ERa protein isoforms may account in part for the differential action that estrogens and estrogen analogues
have in different tissues.

Estrogen receptors in the m.ale
Although estrogens are known to be pivotal in female
physiology, it is now evident that this hormone also
plays a role in male reproduction. The exact mode of
action of estrogens in the development and physiology of the male reproductive tract remain to be clarified,
but suggests that estrogens are able to influence normal testis development and physiology, through their
classical receptors, ER-a and
For example, the
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Figure 1. SaGs cells were transiently transfected using 5 J1g of reporter plasmid EREtkLuc/ together with 0.5 J1g of the expression vector
pSG5/ pSGhERa46 or pSG5hERa66. Cotransfection experiments were performed using hERa66 (0.5 J1g) with increasing amounts of
hERa46 (0.5/ 1.0 and 2.0 J1g plasmid DNA). Cells were cultivated in DMEM +2.5% charcoal stripped/ E2-free serum for 48 hours and
subsequently treated either with (+) or without (-) estradiol (10-8M)/ before being assayed for luciferase and CAT activities. Luciferase
activities were normalized using EF-l a-CAT plasmid construct as an internal reference control. Results are expressed as means of six
separate transfection experiments ± standard deviations. Proliferation of cells was analysed by quantification of KI67 positive cells.
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discovery and phenotypic evaluation of a man with a
null mutation in his ER-a genes who has apparently
normal testes, normal sperm density but decreased
viability of his spermatozoa, in conjunction with the
targeted disruption of ER-a and
in the mouse, all
suggest that estrogens can have a selective biological
effect on the male reproductive system.
We identified and characterised a new promoter that
is involved in the expression of ER-a in the male reproductive tract. This promoter lies on chromosome
6q25.1, approximately 16 kbp upstream of the first
coding exon of ER-a. Sequence analysis indicates that

this promoter has a conventional TATA box and GC
box but no upstream CAAT sequence. Alternative
splicing results in at least two species of mRNA encoding ER-a resulting from this promoter. Transcription
profiling of human tissues shows that/ among those
tested, this promoter is predominantly active only in
testis and in epididymis. Transient transfection assays
of the testis core promoter in a number of cell lines
indicate that the region we have identified functions
as a promoter and that tissue specific regulation is
likely to be dependant on inhibitory sequences greater
than 1 kbp upstream of the transcription start site
(Figure 2).
171

Figure 2. The effect of the human and mouse ER-a 5/UTRs on
translation. The relative luciferase activity of cells transfected
with constructs containing different human and mouse ER-a
5'UTRs and their mutated versions. The activity of the parental
vector was set to 100 %. Error bars show standard deviation of
three independent experiments performed in triplicates. The
RNase protection assays used to quantify the amounts of
mRNAs expressed in transfected cells are shown below the
graph. Error bars show standard deviation.
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Figure 3. Genomic organisation of the human ER-a promoter region. The location of multiple promoters and corresponding upstream
exons of the human ER-a gene is described. Upstream exons are represented by coloured boxes and their promoters shown as arrows. The
intronic distance between exons is given in kbp. The numbers below the exon boxes indicate experimentally defined 5' start sites, or splice
donor or acceptor sites involved in generating mature ER-a mRNA with the distance from the originally described transcription start site
at +1 in base pairs. Also indicated is the common splice acceptor site at +163 which all 5' UTRs can splice to.

Genoll1ic organisation of hUll1an
ER-a
The generation of human ER-a transcripts has recently been revealed to be complex, involving at least
seven promoters and eight coding exons encompassing in total some·450 kbp of chromosome 6 (Figure 3).
In general, alternative promoter usage results in
mRNA variants that only differ in their 5' UTR. This
occurs as the first exon arising from each alternative
promoter is non-coding and is spliced to a common
splice acceptor site upstream of the initiation codon of
ER-a. Consequently, in all cases this results in the
expression of the full-length 66 kDa ER-a receptor
protein. Quantitative analysis in reveals that there is
a distinct expression profile of ER-a in individual cell
lines and tissues. The relative level of ER-a transcripts
varies up to 200 fold between MCF-7 and primary
human osteoblasts. Furthermore promoter utilization also varies between different cell types. For example, whereas the A promoter is the major promoter
utilized in breast carcinoma cells, the F promoter is the
l

predominant promoter used in the generation of ERa mRNA in bone.
In summary, the ER cannot be viewed simply as one
entity that has a predictable role, rather it has to be recognized as a complex of alternative transcripts and
proteins, each of which leads to a subtle different consequence. The results of our studies show that the cell
type and tissue context in which the ERs are expressed
has a further major influence on their activity.
Therefore, ER is one prominent example that shows the
dogma that one gene results in one protein is not
appropriate. Studies performed in our lab indicate
that the ER-a gene has a high percentage of alternative
splicing options. In particular, the current models of
the action of estrogens should be re-evaluated to take
account of the presence of at least two ERa protein isoforms in bone and breast and perhaps in other tissues. Further studies will be helpful to understand
the regulatory mechanisms that direct these choices
and lead to specific isoform expression in different
tissues, and will show which consequences arise on the
level of cofactor action as a result of these variabilities.

Denger, S., Reid, G., Br·and, H., Kos, M. &
Gannon, F. (200l). Tissue-specific expression of
human ERalpha and ERbeta in the male. Mol
Cell EndocrinoI, 178, 155...160
Denger, S., Reid, G., Kos, M., Flouriot, G.,
Parsch, D., Brand, Ho, Korach, K.S., SonntagBuck, V. & Gannon, F. (2001). ERalpha gene
expression in human primary osteoblasts: evidence for the expression of two receptor proteins. Mol. CelL Endocrinol., 151 2064-2077
Griffin, C., FIouriot, G., Sharp, 1':, Greene, G. &
Gannon, F. (2001). Distribution analysis of the
two chicken estrogen receptor-alpha isoforms
and their transcripts in the hypothalamus and
anterior pituitary gland. BioI Reprod, 65, 11561163
Kos, M., Reid, G., Denger, S. & Gannon, F.
(2001). Minireview: genomic organization of
the human ERalpha gene promoter region.
Mol. CelL EndocrinoL, 15, 2057-2063
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The main research focus of our laboratory is the development and exploitation of molecular tools to understand the complex biological interactions that occur
between mosquitoes and infective organisms. The
emphasis of the work is directed towards unraveling
the physiological interplay between the Anopheles
mosquito and the malaria parasite, Plasmodium, during its transit through the insect host.
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The natural transmission of malaria requires completion of a complex developmental cycle in the midgut
and the salivary glands of the mosquito vector. After
gaining entry with the blood meal and beginning its
development in the vector, the parasite, however,
encounters the mosquito innate immune defence. In
the major African vector, Anopheles gambiae, these
defences can vary according to genetic polymorphisms
that differentiate malaria susceptible from refractory
strains.
The research of the group encompasses many aspects
of mosquito biology, including innate immunity
against parasite and bacterial infection, population
and evolutionary genetic analysis, large scale genomic and high-throughput expression analysis of infection, as well as the development of transgenic tools for
functional gene analysis, both in the mosquito and
the parasite.

I

Although many different functions have been attributed to thioester-containing proteins, opsonization
appears to be the most prevalent and evolutionary
conserved among its members. We are, therefore, interested in testing for a similar function for aTEP-I: could
this protein function as an opsonin and promote
phagocytosis, thereby playing a role in the mosquito
cellular responses?

(Elena Levashina, Luis Moita, Stephanie
Blandin)

Using a hemocyte-like mosquito cell line to study
phagocytosis in vitro, we found that Gram- bacteria are
phagocytosed faster if pretreated with the mosquito
cell line conditioned medium, suggesting the existence of secreted opsonic factors. Interestingly, methylamine, a weak nucleophilic agent known to inactivate
thioester-containing molecules, almost completely
prevents this effect. Using RNA interference, we have
shown that aTEP-I promotes phagocytosis of Grambut not Gram+ bacteria in the 5.1 * mosquito cell line
and is responsible for nearly all the opsonic activity of
the cell line conditioned medium.

Mosquitoes, like other insects, rely on a combination
of humoral and cellular responses to fight microbial
infection. Humoral responses, of which the production
of antimicrobial peptides is the best characterized,
have been extensively explored. In contrast, cellular
responses, which include melanotic encapsulation
and phagocytosis, remain less well understood.

In order to understand how this molecule signals during the phagocytic process and, potentially, in other
mechanisms we are trying to identify its receptor by
two complementary approaches: (a) phagocytic screens
by dsRNA knockouts of candidate molecules and (b)
biochemical "fishing" of interacting molecules from
the cell line membranes.

Thioester-containing proteins

I

We have characterized the first member of the
thioester-containing protein family in A. gambiae aTEP-I, which shows significant sequence and structural similarities to both the vertebrate complement
factor C3 and to a universal protease inhibitor, _2macroglobulin. It is a hemocyte-specific acute phase
glycoprotein that is proteolytically processed, in the
mosquito hemolymph, to an active form after septic
injury and it can bind, in a thioester-depedent manner,
to both Gram- and Gram+ bacteria.
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that aTEP-I, III and IV share the same chromosomal
localization but aTEP-II maps in a different region.
Interestingly, sequence comparison and phylogenetic
studies also separate aTEP-II from aTEP-I, III and IV,
which cluster in the same clade. Moreover,
immunoblotting using specific antibodies for the different aTEPs shows that aTEP-I, III and IV are secreted proteins contrary to aTEP-II, which is mostly associated with the protein extracts of cell membranes.

Figure 1. Bacterial challenge of a mosquito using a nano-injector.

Our results using the in vitro cell culture system reveal
dramatic differences in phagocytosis of Gram- and
Gram+ bacteria. We are currently developing an in
vivo phagocytic test required to validate our in vitro
findings (Figure 1).
Of particular interest is a potential role of aTEP-I in the
mosq ui to / P las mod iu m interactions. Immunofluorescence analysis in the mosquito has shown that
aTEP-I binds to ookinetes. Interestingly, this binding
was evident only when ookinetes transverse the basal
lamina; a time when massive ookinete killing occurs.
Later in the parasite life cycle, aTEP-I, is also seen on
the membrane of the oocyst but no interaction with
sporozoites has been documented. We are currently
developing additional tools to assay the role of aTEPI in parasite transmission.
Similarly to Drosophila, there are three additional
thioster-containing proteins in A. gambiae. We have
recently cloned two genes, aTEP-II and aTEP-III. In situ
hybridization to polytene chromosomes has shown

L-

Comparative analysis of the family of thioester-containing proteins in A. gambiae will, hopefully, provide
new insights into the role of these proteins in the mosquito immune responses to bacteria and Plasmodium,
as well as on the evolutionary origin and function of
this important, widespread and functionally diverse
family of proteins.

Melanization cascade and serine
proteases
(Hans-Michael Muller, Jennifer Volz)
Melanotic encapsulation of young plasmodial oocysts
is a prime example of a refractory mechanism that
blocks the completion of the malaria life cycle in the
mosquito. This immune response is performed by
phenoloxidases (POs), which are of crucial importance for the physiology and defence reactions of
insects. POs are synthesized in hemocytes (the major
cellular component of the insect immune defence)
and activated by serine proteases with trypsin specificity.
PPO-activating serine proteases are characterized by
the presence of a "clip-domain", an extra N-terminal
sequence containing six cysteine residues in highly
conserved positions, that is cleaved during activation
of the enzyme. Identification and biochemical study of
components of the PPO-activating cascade is an important goal for understanding how melanization is stim.
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ulated in response to pathogens in A. gambiae. The
recent cloning of PPO-activating serine proteases in
other insect species therefore prompted us to look for
homologous genes in A. gambiae. To date we have
identified four novel genes (AgSerl-AgSer4), which
share the structural features of PPO-activating
enzymes. RNA expression studies suggest a potential role in immunity for at least two of these genes.
Currently, we are performing studies at the protein
level to determine their response to bacterial challenge. In addition, utilising the established technique
of RNAi with A. gambiae cell lines, their potential role
in the PPO cascade will be investigated.
Following a blood meal, mosquitoes are confronted
with an increasing oxidative stress due to the digestion
process. In addition, a disturbed redox metabolism
may interfere with immune mechanisms such as the
PPO cascade. Therefore, enzymes central to redox
metabolism, including thioredoxin reductase (TrxR),
are promising targets for the design of insect-specific
inhibitors. Inhibitors of this type may cause reduced
live expectancy of the mosquito vector and/ or the
mosquito parasite stages, leading to a diminution of
malaria transmission. We have recently identified the
sequences coding for several of these proteins and
are currently producing the respective recombinant
enzymes. These proteins will be used both for kinetic
and structural studies, as well as for the production of
monoclonal antibodies in order to compare the distribution of redox enzymes in mosquito strains that are
either susceptible or refractory to malaria.
As a complement to these molecular approaches we are
also performing microsatellite genotyping of wild A.
gambiae in order to identify quantitative trait loci (QTL)
of malaria refractoriness. QTL mapping dissects the
genetic factors underlying segregating phenotypes.
A highly accurate and high throughput PCR technology for microsatellite genotyping, based on an A. gambiae map consisting of 131 microsatellite loci with an
average resolution of 1.6 eM, has been established in
------i
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our laboratory. In this study, we have tested twentyfour reference markers for their accuracy and coverage
of the genome. This project led to the first analysis of
genetic mechanisms of susceptibility or refractoriness
to malaria parasites in a natural malaria transmission
system in West Africa. A set of family pedigrees of
wild A. gambiae were infected with natural populations
of P. falciparum and the non-random association
between marker genotypes and oocyst number was
tested statistically by nonparametric approaches. Early
results show that refractory alleles occur in this natural transmission system, since two of the studied F2
families have shown refractory alleles correlated with
a low parasite load.

Figure 2. Gene expression
responses of R mosquitoes to
sterile and septic injury and to
malaria mosquito. Genes
showing 2.3-fold or greater
regulation in at least 2 of the 8
sterile and septic injury
experiments are presented.
Septic injury was performed
with a mixture of live E. coli
and M. luteus. Expression
profiles for both sterile and
septic injury were assayed at
1, 6, 12 and 24 hr. and naive
mosquitoes were used as
reference. Malaria challenged
mosquitoes were assayed 24 hr
after feeding on infected or
non-infected mouse that is
used as referense. The cluster
matrix was divided in three
clusters: up-regulated (1) or
down-regulated (3) by injury
and septic injury-specific upregulated cluster (2). Cluster
2A comprises genes upregulated by malaria infection.

Gene expression analysis of the
l11osquito
(Giorgos Christophides, George
Dimopoulos)
We constructed cDNA microarrays to explore the physiological responses of the mosquitoes to bacteria and
malaria infection. The arrays were assembled on glass
slides with peR-amplified fragments of 3,840 EST
clones (Figure 2). Most of these clones had been previously sequenced and assembled into 2,287 clone
clusters. Of special interest are 858 genes that show significant homology to genes of other organisms and
thus have been assigned to a functional class.
Initially, we explored the immune response of a hemocyte-like mosquito cell line, 4a-3B, upon challenge
with a number of Gram+ and Gram- bacteria as well
as various, diverse microbial elicitors. The cells were
also treated with H 20 2 as a control for stress challenge. The total of 55 timed samples in 10 experiments
yielded 161,260 analyzed data points. This study
defined the basic anti-microbial immune response as

well as the oxidative stress response; these two
responses proved to be quite distinct.
Next, we examined the response of whole mosquitoes to sterile and septic injury and to malaria infection.
In each of these studies, we compared in parallel
strains Refractory (R) and Susceptible (S) to malaria.
The responses of the R strain are shown in figure 2.
Upon infection with bacteria, the R strain response
profile is enriched in immunity class genes, whereas
the S strain response includes genes mostly belonging
to the redox class. Remarkably, similar profiles were
obtained when the two mosquito strains were fed on
P. berghei infected mice. 24 hr after the bloodmeal, at a
time when the malaria ookinetes are traversing the
midgut epithelium, R mosquitoes induce genes belonging to the immunity class, whereas S mosquitoes
induce genes belonging to the redox class. In broad
terms, it appears that R mosquitoes react to infections
by an immune response, while S mosquitoes react by
an oxidative stress response.
Finally, we investigated the basis of this differential
response by directly comparing naive Rand S mosquitoes. The results revealed that the two strains differ substantially in their physiology. The R strain has
naturally elevated levels of the redox-related genes
compared to the S strain; the same genes are seen to be
upregulated in the S strain upon bacterial and malaria infection. The clear patterns observed led us to the
formulation of a novel hypothesis ascribing the melanotic refractoriness phenotype to an abnormal oxidative
state of the R strain.
This hypothesis was tested by morphological, ultrastructural and biochemical studies. We measured
Reactive Oxygen Species directly in naIve mosquitoes and found that their constitutive level is consistently higher in R than in S mosquitoes. Next, in view
of the hypothesized major physiological differences
between Rand S mosquitoes, we examined their morphology. We detected significant underdevelopment of
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the fat body and pericardial cells in the R mosquito.
Since pericardial cells are scavenger cells that carry
abundant peroxisomes, their underdevelopment in
the R strain is consisterit with our hypothesis that this
strain is deficient in its ability to counter oxidative
stress.
Finally, experimental manipulation of Rand S mosquitoes oxidoreductive state resulted in a reversal of
phenotype. By treating R mosquitoes with Vitamin
C, an active antioxidant, we have dramatically
decreased their propensity to melanize implanted
Sephadex beads. Conversely, by injecting S mosquitoes
with H 2 0 2 we observed parasite melanization, normally only seen in the R strain.
Our work represents the first post-genomic analysis of
an insect of medical importance and demonstrates a
link between genome expression patterns and the
associated physiology.

Identification of the PENI gene
(Dana Thomasova)
Our group has been highly involved in a collaborative
project, with Dr. F. Collins laboratory (University of
Notre Dame, USA), which is sequencing the genomic
region of A. gambiae known as PENI. The PENI region
contains a gene that is partially responsible for the
melanotic encapsulation of Plasmodium parasites in
the midgut of the A. gambiae R strain. Our aim is to
identify all putative genes in this region and isolate the
gene responsible for the refractory phenotype. As
such, the project constitutes the first effort in genomewide sequencing of A. gambiae; it is also linked to a
sequencing effort directed by Dr. C. Roth (Genoscope
and Institute Pasteur, France) in an adjacent chromosomal region.

The PENI locus was genetically mapped into division 8C-D of the second chromosome of A. gambiae
and our lab has focused on sequencing overlapping
BAC clones from this region and their subsequent
computational analysis. We have obtained the contiguous non-redundant sequence of 528 kb and identified 45 putative genes. Expression profiles of these
genes were obtained by RT-PCR and DNAmicroarray
techniques. Those with interesting expression profiles are currently being cloned from susceptible and
refractory laboratory mosquito strains and their
sequences compared in order to identify coding region
polymorphisms between the two strains. We have also
initiated a comparative genomic analysis by investigating the synteny of genes from the PENl region
with their homologues in Drosophila melanogaster.

RNAi in Plasmodium and
functional genom.ics
(Dina Vlachou)
Plasmodium invasion of the mosquito midgut epithelium is a very crucial step for malaria transmission.
Our project aims to elucidate aspects of the molecular
mechanisms that regulate this invasive process. In
this context we are developing alternative genetic
tools for conditional knockout and transient expression
of genes in the P. berghei mosquito stages. A powerful
tool for conditional knockout is RNAi technology.
This, in combination with DNA micro arrays
(Plasmodium and Anopheles) may enable us to assign
putative function to parasite genes that play critical
role in mosquito-parasite interactions.

We are using the ookinete-specific CTRP
(Circumsporozoite and Thrombospondin Related
adhesive Protein) as a model gene to test the efficacy
of RNAi, since previous work has shown that CTRP
knock-out parasites, created by gene disruption, cannot traverse the mosquito midgut. We have generated,

by chromosomal integration, two transgenic parasites
in which alternative promoters drive the expression of
CTRP dsRNA: the previously characterized gametocyte/ ookinete-specific Pbs21 promoter and the CTRP
promoter. The use of the newly isolated CTRP promoter, initially tested by GFP reporter gene assay,
would ensure a synchronized expression of the CTRP
and the dsRNA. The effect of RNAi with these transgenes is currently being tested.
The generation of a parasite expressing GFP in
ookinetes has endowed us with an additional tool in
the study of the mosquito midgut invasion. For the first
time, we have been able to follow the passage of
Plasmodium through the mosquito midgut in real time,
in living mosquitoes.
Finally, to establish RNAi as a tool for high-throughput inactivation of parasite genes, we are developing
a transient transfection method for midgut parasite
stages. To date, we have shown that this genetic tool
is feasible in the parasite, although requiring further
optimisation. This technique may provide a powerful
tool for Plasmodium functional genomics.
This project is conducted in collaboration with A.P.
Waters and C.J. Janse, University of Leiden, the
Netherlands.

Mosquito transgenesis and
functional genom.ics
(Gareth Lycett, Thanassis G. Loukeris)
Two important tools for anopheline research were
recently established in collaboration with researchers
from Imperial College, London. These techniques were
the germline transformation of Anopheles stephensi
and the genetic manipulation of A. gambiae cell lines.
These advances come at a critical time in mosquito
research due to the imminent arrival of the complete,
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line carrying the tetO sequence fused to the lacZ gene.
Initial results are very promising and suggest that
both tTA and R-tTA systems function efficiently in the
mosquito to respectively abolish or induce expression of the target gene, after addition of the effector
compounds to the food source. Future experiments
will focus on utilising these tTA lines to examine RNAi
and the expression of dominant negative protein forms
in the mosquito.

Mosquito population genetics
Figure 3. tTA system in the mosquito. Larval offspring from a cross between transformed A. stephensi carrying the driver (serpin
promoter/tTA) and responder (tetO/IacZ) constructs are marked with the enhanced green fluorescent protein or the ds red fluorescent
protein respectively. A. Bright field image. Live fluorescent images taken with GFP (B) and ds Red (C) fiiers. The middle larvae contains
both the driver and the responder constructs. (See CD-ROM or on-line version for full colour graphic.)
l

annotated, mosquito genome sequence. With this
expected plethora of information, and the tools to
exploit it, the research focus can now be directed
towards the detailed characterization of mosquito
gene function through reverse genetic approaches.
We envisage that the determination of gene function
in vivo, through RNAi and the over-expression of dominant negatives will require conditional expression of
transgenes, especially in cases where the gene under
study plays a pivotal role in the physiology of the
mosquito. In this context, a new project initiated this
year aims to develop a tissue specific, dual component
expression system in Anopheles utilising the tetracycline transactivator (tTA). tTA and reverse-tTA (RtTA) are hybrid transcription factors consisting of
alternative forms of the tetracycline repressor of E.
coli fused to a strong activating domain. The hybrid
proteins bind specifically to tetracycline operator
(tetO) sequences and activate adjacent promoters. The
specific binding is abolished or enhanced in the presence of tetracycline or its analogues, in the tTA or the

R-tTA system respectively. The aim is to create a panel
of transgenic mosquito "driver" lines that express tTAs
in alternative tissues. By simply crossing each of these
tTA lines with a responder line, carrying the "desired"
gene or knockdown, gene function can be rapidly
assayed in a strictly controlled tissue and temporal specific manner.
In proof of principle experiments, we have shown
that A. gambiae celllines carrying episomal forms of
the tTA and R-tTA elements, respond to antibiotic
treatment by tightly regulating the expression of a cotransfected reporter gene fused to the tetO sequences.
l

We have also begun to examine this conditional system
in vivo by generating a series of transgenic mosquito
"driver" lines carrying the tTA and R-tTA elements
under the transcriptional control of either a midgut
and haemocyte specific promoter (serpin) or a global
inducible promoter (heat-shock protein 70). We are
currently testing the functionality of this system by
crossing the alternative tTA lines with a responder
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(Rui Wang)
Field studies of genetic differentiation within vector

populations can yield important information relating
to evolution and population biology. Such studies are
fundamentally important for understanding the epidemiology of malaria in Africa, where A. gambiae is the
most important vector of the disease.

Recent molecular evidence suggests that one of the
principal disease vector species A. gambiae sensu stricto actually encompasses two or more emerging species,
known as the M and S molecular forms. We have
examined whether these taxa show discernible
microsatellite profiles. We found that the M and S
taxa, found within Mali, West Africa, are practically
indistinguishable across the whole genome, but differ
statistically significantly at two microsatellite loci
mapping to the proximal region of the X chromosome.
Previous differentiation of the molecular forms on the
basis of the tandemly repetitive rDNA locus alone
could be ascribed to concerted evolution, however,
the additional observation of clear differences at two
nearby microsatellite loci provides strong evidence
that the M and S forms are indeed genetically differentiated. Thus, our results to date lend strong support
to the concept of emergent M and S taxa of A. gambiae s.s. These data are of major taxonomic significance
for studying the hypothesised incipient speciation
---------1
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process, for which A. gambiae is a uniquely favorable
model.
Furthermore, our results provide new microsatellites
tools to distinguish molecular forms M and S, at least
in Mali. In a preliminary analysis, in Burkina Faso
and Cameroon, the two forms can also be distinguished at both microsatellite loci.
After extensive trials of multiple parameters we came
to recommend the use of a panel of four parameters,
the two most commonly used parameters: FST and
RST' and also including two newly introduced D' and
D K, for the analysis of population biology and evolution using microsatellites. Software was developed to
calculate all the four parameters, as well as to support
additional useful calculations, for example, observed
and expected heterozygosity, Wright's FIS and FIT etc.
The software is available on our web site
(http://www.embl-heidelberg.de/ExternalInfo 1
kafatos Ipublications IPROG I).

while the invaded cell is expunged from the epithelium into the luminal cavity, serpins are over-expressed
and accumulate towards the cell surface.
Concomitantly, chromatin condensation takes place,
and eventually the nuclear organisation of the invaded cell is completely lost. Serpins are currently used as
markers to study the ookinete invasion process. Their
physiological role is at the moment not fully understood. Based on in vitro inhibitory studies with recombinant and purified AgSPI21F serpins, at least three out
of the four isoforms are functional inhibitors of diverse
proteinases. Moreover, the Anopheles serpins share
high sequence homologies and the intracellular nucleocytoplasmatic localisation with the mammalian serpins of the ovalbumin clade (ov-serpins). The latter
have cytoprotective roles, associated with the inhibition of pro-apoptotic or pro-inflammatory proteinases. It is interesting to note that the Anopheles serpins are
up-regulated and over-expressed in the invaded cells,
which show definite signs of cell death. This suggests
that AgSPI21F serpins might have similar cytoprotective roles in the mosquito.
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(2001). Nuclear factors bind to a conserved
DNA element that modulates transcription of
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( Alberto Danielli)
The genomic locus AgSPI21F codes for four alternatively spliced serine 12rotease inhibitors of the serpin
super-family. The four isoforms are mainly expressed
in the midgut, but also in pericardial cells and in
hemocytes. The cellular localisation of the serpins is
nucleo-cytoplasmatic in pericardial cells and in hemocytes, whilst in the gut the proteins are mostly localised
in the nucleus. After ookinete invasion of the mosquito midgut, two isoforms are highly up-regulated at
the transcriptional level. Using a polyclonal antiserum
we were able to show that immediately after ookinete
penetration the serpins are translocated from the nucleus to the cytoplasm of the invaded cells. Subsequently,
L

Kafatos, F. e. (2001). The future of genomics.
Mol. Aspects Med., 22, 101-111
Kanzok, S.M., Fechner, A., Bauer, H., Vlschmid,
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Substitution of the thioredoxin system for glu-
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tathione reductase in Drosophila melanogaster.
Science, 291, 643-646
Levashina, E.A., Moita, L.F., Blandin, S., Vriend,
G., Lagueux, M. & Kafatos, F.C. (2001).
Conserved role of a complement-like protein in
phagocytosis revealed by dsRNA knockout in
cultured cells of the mosquito, Anopheles gambiae Cell, 104, 709-718
Rusten, T.E., Cantera, R" Urban, J., Technau, G.,
Kafatos, F.C. & Barrio, R. (2001). Spalt modifies
EGFR-mediated induction of chordotonal precursors in the embryonic PNS of Drosophila
promoting the development of oenocytes.
Development, 128, 711-722
Vizioli, J., Hulet, P., Hoffmann, J.A., Kafatos,
F.C., Muller, H.M. & Dimopoulos, G. (2001).
Gambicin: A novel immune responsive antimicrobial peptide from the malaria vector
Anopheles gambiae. Proc. Natl. Acad. Sci. USA,
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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.

Structure and assel11bly of the
l11al11l11alian signal recognition
particle
(Mark Brooks, James Battey, Florence
Filipetto with Klemens Wild and Irmgard
Sinning,Univ. of Heidelberg, and
Katherina Strub, Univ. of Geneva)
The signal recognition particle (SRP) is an essential
cytoplasmic ribonucleoprotein particle conserved in all
three kingdoms of life and essential for targeting of signal-peptide containing proteins to membranes. In
higher eukaryotes SRP consists of two domains, the
Alu domain and the S domain, that are linked by the
SRP RNA. The Alu domain contains the heterodimer
SRP9/l4 and is necessary for retarding ribosomal
translation of nascent membrane or secretory proteins
once their N-terminal signal sequence is bound by
SRP54 in the S-domain of SRP. We aim to study the
structure of protein-RNA complexes from the SRP in
order to give insight into the functioning of the particle in signal recognition, translational retardation and
ER targeting. Previously we have determined the crystal structure of the Alu domain of the human SRP and
described its functional implications (Weichenrieder et
al., 2000). We are now, in collaboration with the group
of Irmgard Sinning (co-investigators in EU networks
SRPNET and MEMPROTNET), trying to reconstitute
the S-domain of the mammalian SRP for structural
and functional studies. The S-domain comprises the
proteins SRP68/72, SRP19 and SRP54 bound to the
central section of SRP RNA.

Expression of SRP68 and SRP72
Reconstitution of the mammalian SRP S-domain or
indeed the complete SRP is limited by the availability of recombinant SRP68 and SRP72, all other SRP
components being available in large amounts. These
two proteins form a heterodimer which binds the SRP
RNA but their structure and exact function remains
mysterious.
In order to analyse the contribution made by this heterodimer to human SRP, it was first necessary to clone
their cDNAs. This has been achieved by peR, using
cDNA obtained from human pancreatic tissue as template. Expression vectors have also been constructed
so as to allow expression in E. coli. Vectors have been
designed to contain tags for immunological detection,
affinity purification and cleavage sites for subsequent
removal of the fusion tags. Both of the proteins are
produced at high levels, when expressed in bacteria,
but as insoluble material in inclusion bodies. A number of alternative expression strategies have been tried
to improve this situation including co-expression,
fusion with GST and MBP, expression of putative
domains based on sequence analysis and expression in
baculovirus. However no soluble material has been
obtained.

Structure of helix 6 of mammalian SRP
RNA in complex with SRP19
SRP19 must bind to SRP RNA before SRP54 is able
to, although the structural basis of this effect is not
known apart from the fact that SRP19 has its principal
binding site on helix 6 of SRP RNA and a secondary
site on helix 8. With the Sinning group we have crystallized and solved the structure at 1.sA resolution of
an RNA comprising 29 nucleotides of helix 6 of human
SRP RNA in complex with SRP19. The structure was
solved by the SAD method using the anomalous signal from Br-U which was incorporated into the RNA
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(as for the previously solved structure of the RNA
alone, Wild et al., 1999). The structure reveals a complex protein RNA interface (Figure 1). SPR19 shows an
topology and the RNA consists of a stem-loop
structure closed by an unusual GGAG tetraloop.
Protein-RNA interactions are mediated by the specific recognition of a widened major groove and the
tetraloop without any direct protein-base contacts and
include a complex network of highly ordered water
molecules. A model of the assembly of the SRP core
(comprising SRP19, SRP54 and SRP RNA) could be
proposed based on crystallographic and biochemical
data (Wild et aI., 2001). In this model, helix 6 and helix
8 of SRP RNA are held packed together in parallel
fashion by SRP19 which binds to both helices. In particular we propose that the conserved tetraloop
nucleotide A149 of helix 6 interacts with helix 8 close
to the helix 8 GNRA tetraloop. We also hypothesise
that other induced RNA-RNA interactions between
helix 6 and helix 8 re-arrange the asymmetric loop of
helix 8 thus permitting SRP54 to bind.

N

Figure 1. Overall structure of the human SRP19/helix 6
complex. The RNA nucleotides are reduced to colour coded
cylinders. The bases of the GGAG tetraloop are highlighted in
orange with the exception of the invariant A149, which is shown
in red. Non- Watson-Crick base pairs of helix 6 are drawn in
magenta. SRP19 is coloured according to its secondary
structure. (See CD-ROM or on-line version for full colour
graphic.)

Re-constitution of SRP19, SRP54 5domain RNA ternary complex
3'

To verify the above hypothesise we are attempting to
re-constitute the ternary complex of SRP19, SRP54
and S-domain RNA. To this end we have re-cloned
human SRP54 to remove the non-essential C-terminal
extension (cutting down to where the M-domain is
seen to become disordered in the crystal structure)
and to add a cleavable his-tag to aid purification. We
have also re-cloned and expressed the human Mdomain, as well as a C-terminally truncated version of
human SRP19 (this was used in the work described in
section 1.2). We are now in a position to make numerous crystallisation trials using suitable combinations
of SRP54 or SRP54 M-domain, SRP19DC and three
different sizes of S-domain SRP RNA.
L

All1inoacyl-tRNA synthetases
Complex ofT. thermophilus tyrosyltRNA synthetase with tRNAtyr
(Anya Yaremchuk, Stephen Cusack and
Mikhail Tukalo with Ivan Kriklivyi, IMBG,
Kiev)
Tyrosyl-tRNA synthetase is an a2 dimeric class I synthetase. This enzyme is unique among all aminoacyl-

------.------------------

tRNA synthetases in having two types of cognate
tRNAtyr: with a long variable loop for procaryotes
and eukaryotic organelles and a short variable loop for
archaea and eukaryotes. Certain tyrosyl-tRNA synthetases have interesting non-canonical cellular functions. A mitochondrial tyrosyl-tRNA synthetase from
Neurospora crassa and Podospora anserina have been
found to be essential to group I intron RNA splicing
activity in vivo (Lambowitz et al., 1999) and a human
tyrosyl-tRNA synthetase has been shown to have
cytokine activities (Wakasugi and Schimmel, 1999).
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In 1999 we have reported the crystal structure of T. thermophilus TyrRS in complex with tRNAtyr at 3.sA resolution. This year we have obtained two new forms of
crystals in repectively ammonium sulphate and PEG
which diffract to 2.8A resolution. The structures of
the complex have been determined by molecular
replacement method.

Structural basis for amino acid recognition
and editing by Thermus thermophilus
leucyl-tRNA synthetase
(Mikhail Tukalo, Anya Yaremchuk, Hassan
Berlhali and Stephen Cusack,
collaboration with Morton Gr0tli,
Biotechnology Centre of Oslo for inhibitor
synthesis)
Accurate protein synthesis required that aminoacyltRNA synthetases discriminate against chemically
similar, noncognate amino acids by a factor of at least
104. However" as was noted by Pauling (1958), the
affinity difference is not large enough for the enzyme
to discriminate strictly between similar amino acids.
To overcome this problem some aminoacyl-tRNA synthetases have evolved a specific editing activity whereby they are capable of hydrolysing misactivated amino
acids ('pre-transfer editing") and/or mischarged tRNA
('post-transfer editing'). The closely related class Ia
synthetases, isoleucyl-, valyl- and leucyl-tRNA synthetases, have a second active site (editing site) for
hydrolysis of misactivated aminoacyl adenylate or
mischarged aminoacyl group of tRNA which lies within a large inserted domain of about 200 amino acids.
The editing site and synthetic active sites are separated by about 38 A (Figure 2). The exact structural and
enzymatic mechanism for editing in most cases is still
obscure" since the editing site appears to be capable of
hydrolysing two slightly different substrates: the non-

cognate aminoacyl-adenylate (which somehow has to
be translocated into the editing site) or a mischarged
tRNA (Le. aminoacid attached to the 2' OH of the terminal ribose). Recently we have solved a crystal structure of T. thermophilus leucyl-tRNA synthetase
(LeuRSTT) and its complexes with leucine and leucyladenylate analogue (Cusack et al., 2000) and have
shown the editing activity of LeuRSTT with several
noncognate amino acids, notably the unbranched norvaline.
To gain more insight into the molecular basis for amino
acid selection and the editing mechanism we have
solved this year the structure at 2 A resolution of
LeuRSTT in complex with a norvalyl-adenylate analogue (Nor-AMS). This compound is found to bind in
both the synthetic and editing active sites, whereas the
leucyl-adenylate analogue of course binds in only the
synthetic active site. The LeuRSTT complex with NorAMS shows for the first time how a misactivated
aminoacyl-adenylate binds in the editing active site.
Interestingly/ the Nor-AMS has a severely bent conformation in the editing site compared to a rather
extended one in the synthetic site. Comparison of the
3' end of tRNAval bound in the editing site of T. thermophilus valyl-tRNA synthetase (Fukai et al., 2000)
with the adenosine of Nor-AMS in the editing site of
LeuRSTT shows that the adenine base is specifically
bound in the same manner. The phosphate group
interacts with the conserved threonine rich peptide of
the editing domain. The amino-acyl moiety of NorAMS is bound in a specific pocket in which a conserved aspartic acid (Asp-347) hydrogen bounds with
a-NH3 + group and Thr-252, Val-340 and Met-338 form
a hydrophobic pocket for the side-chain. To further
reveal the function of the residues around the binding
pocket, several mutants in the editing site were
obtained. In particular, substitution of Thr-252 to an
alanine yields a LeuRSTT mutant that appears to
hydrolyze the correctly charged tRNAleu as also was
shown recently for E. coli LeuRS (Mursinna et al.,
2001). This is consistent with there being a steric clash
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Figure 2. Norvalyl-adenylate analogue bound in the synthetic
and editing (left) sites of leucyl-tRNA synthetase. The distance
between the two sites is 3sA.

with a branched side chain of a leucine in the place of
a norvaline. The mutation D347A completely abolishes both of the editing activity of LeuRSTT.
Collectively, the obtained data compared with that of
the structure of tRNAval bound in the editing site of T.
thermophilus valyl-tRNA synthetase (a model for posttransfer editing, Fukai et al., 2000) suggests that the
amino-acyl moiety of the amino acid to be edited is
bound in the same pocket in the editing site of the
---..J
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LeuRSTT and is hydrolyzed by the same mechanism
in both pre- and post-transfer editing steps.

lar replacement solution has been found with the T.
thermophilus ProRS model but is not sufficient for
phasing.

Crystallization of Enterococcus faecium
prolyl-tRNA synthetase

Aminoacyl-tRNA synthetases from Brugia
malayi and its endosymbiont Wolbachia
- targets of control of human filiariasis ?

(Anya Yaremchuk, Stephen Cusack and
Michael Tukalo with Arnulf Dorn, Franck
Darnel and Malcolm Page, Basilea, Basel)

(Carmen Berthet-Colominas with Michael
Kron, Michagen State University, and
Michael Hartlein, ILL, Deuteration
Laboratory)

Primary sequence analysis shows that there are two
distinct structural forms of ProRS which must have
diverged early in evolution: (a) 'eukaryote/ archaelike' characterized by the absence of an insertion
domain between motifs 2 and 3 and an extra C-terminal domain beyond the normal class IIa anticodon
binding domain; and (b) 'prokaryote-like', which have
a large insertion domain of over 200 residues between
motifs 2 and 3 and no extra C-terminal domain
(Yaremchuk et al., 2000). In fact a significant variant of
the 'prokaryote-like' form has recently been evidenced
by genome studies in certain bacteria (e.g. Wolbachia)
and mitochondria, in which the insertion domain is
lacking. Recently it has been found that E. coli prolyltRNA synthetase has an editing activity, notably
against alanine (Beuning and Musier-Forsyth, 2000),
which may reside in the editing domain. The crystal
structures of 'eukaryote/ archea-like' T. thermophilus
ProRS and its complexes with different substrates
including tRNApro have been solved by us (Yaremchuk
et al., 2000, 2001). We have also crystallized recently
ProRS from the antibiotic resistant pathogen
Enterococcus faecium (ProRSEF) as representative of a
prokaryote-type prolyl-tRNA synthetase (see EMBL
Research Report 1999). This year we have reproduced
the crystals and finally found conditions for cryo-protection of ProRSEF crystals in high concentrations of
LiCI following the suggestions of Rubinson et al. (2000).
This procedure has enabled us to collect a very good
native data set to 2.4A resolution. A putative molecuL.............._ _.

Lymphatic filiariasis is a mosquito vector borne human

disease caused by one of three different species of
nematode, Wuchereria bancrofti, Brugia malayi and
Brugia timori. More than one billion people in 73 countries live at risk of lymphatic filariasis. Endosymbiotic
Wolbachia bacteria have been detected in the majority
of filarial species analysed so far including the major
filarial parasites of humans (Taylor and Hoerauf, 1999).
Bacteria can be detected in all developmental stages
and can be very abundant in adult worms. The phylogeny of Wolbachia endosymbionts is congruent with
the phylogeny of their host nematodes and a co-adaptation and a reciprocal dependence between the filarial nematodes and their Wolbachia is very likely. It has
been shown in animal studies that some antibiotic
treatments against Wolbachia are detrimental to filarial nematodes. Only antibiotics effective against
Wolbachia seem to have antifilarial activity.

Brugia malayi asparaginyl-tRNA
synthetase (AsnRS)
In B. malayi, the cytoplasmic asparaginyl-tRNA synthetase (AsnRS) is highly expressed and could represent a new molecular target for vaccine or drug development. In order to design AsnRS inhibitors two dif.

ferent approaches have been undertaken simultaneously. Firstly, we have cloned and expressed an
aminoacylation active His-tagged synthetase N-terminally truncated fragment of the nematode AsnRS.
The protein has been purified by affinity chromatography and was used for crystallisation trials. Using
PEG 4000 as precipitant diffracting crystals of the
native AsnRS and of the enzyme in complex with both
ATP and an asparaginyl-adenylate analogue have
been obtained. Determination of these three structures allows study of the interactions of active site
residues with substrate. Secondly, B. malayi AsnRS
was used in a high-throughput screening format to
search for new asparagine aminoacylation inhibitors.
Out of 11,000 different small organic compounds tested, 16 inhibitors of Brugia malayi AsnRS were identified
with IC values in the f.1M range. Seven of these 16
compounds showed significantly higher IC values
compared with recombinant human AsnRS. Using
crystal soaking and co-crystallization techniques with
inhibitors solubilized in DMSO or acetonitrile we are
now working to determine the structure of new AsnRSinhibitor complexes in order to design new compounds
with higher affinity and specificity.

Wolbachia class I lysyl-tRNA synthetase
Recently the use of Wolbachia tagets in the control of
lymphatic filiariasis has been discussed (Taylor et al.,
2000). In all eukaryotes studied so far, including man,
tRNALys is charged by a class II lysyl-tRNA synthetase (LysRS). Wolbachia possesses an atypical class
I LysRS firstly identified in archea and totally unrelated
to the human class II LysRS. This makes the Wolbachia
synthetase an interesting potential target. Drugs acting on this target should allow to kill the intracellular
bacteria and thereby act as indirect antifilarial drug
with reduced the risk of toxicity in humans.
The DNA sequence of Wolbachia (Drosophila) LysRS
gene was extracted from using the TIGR BLAST Search
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Engine for Unfinished Microbial Genomes. No such
sequence information is available for Wolbachia
(Brugia). The two genomes sequences differ by around
10%. For preliminary PCR amplifications Brugia
genomic DNA, contamintaed with Wolbachia (Brugia)
was kindly provided by Dr. Mark Taylor (Helen F.
Cross), Liverpool School of Tropical Medicine. Brugia
DNA was then isolated from several hundreds of
female worms provided by Dr. Michael Kron, MSU
using E.Z.N.A. Mollusc DNA kit from Omega Biotek. The presence of Wolbachia DNA in the genomic
Brugia DNA preparation was tested using a standard
PCR for the wsp gene sequences as described in (Zhou
et al., 1998). Oligonucleotides derived from the TIGR
Wolbachia (Drosophila) LysRS sequence were used in
PCR reactions with Brugia genomic DNA to amplify
the Wolbachia (Brugia) gene sequences. This approach
was successful for the amplification of the totallysS
gene on 4 overlapping fragments. A PCR fragment
covering the entire coding region was then inserted
into pETM11 and the resulting construct transformed
into BL21(RIL). After IPTG induction a major band
in the cellular extract corresponds to the recombinant
LysRS. We are now trying to isolate the enzyme in its
native soluble form for characterisation and crystallisation.

Nuclear cap-binding cOlllplex
and PHAX protein
(Catherine Mazza, Delphine Guilligay
with lain Mattaj group, EMBL Heidelberg)
The human nuclear cap binding complex (CBC) is a
conserved eukaryotic hetero-dimeric protein complex
which binds with high affinity to the 5' cap structure
(7-methyl-G(5')ppp(5')N or m 7 GpppN, N any
nucleotide) of nascent RNA polymerase II transcripts
such as pre-messenger RNA and U snRNA. It remains
bound to these RNAs up to their export into the cyto-

plasm meanwhile acting as a protein identification
tag which mediates recognition of capped RNA by
various components of the nuclear RNA processing
machinery. During pre-mRNA splicing, CBC increases the efficiency of the interaction between the U1
snRNP and the cap proximal 5' splice site. Human
CBC is also known to be essential in U snRNA export
from the nucleus to the cytoplasm as it acts, together
with the PHAX (phosphorylated adaptor for RNA
export) protein, as an adaptor between the U snRNA
and the export receptor Crml-RanGTP. Finally, CBC
stabilizes the interaction of pre-mRNA with the 3'end processing machinery and promotes the poly(A)
site cleavage7. Once in the cytoplasm, CBC is recycled
back into the nucleus thanks to a nuclear localization
sequence mediated interaction with the import factor
importin u.
To gain more insight into the role of CBC in diverse
RNA maturation processes we have begun structural
studies on CBC. Our initial goal was to address the following questions: how CBC binds capped-RNAs since
it has no sequence homology with structurally characterized cap-binding proteins such as eIF4E (from
the translation initiation complex) or the vaccinia
virus cap modification enzyme Vp39? Why does CBC
require both subunits to bind cap? What are the structure-function relationships of the large subunit?
Human CBC is an heterodimer made of the two proteins CBP80 (790 residues) and CBP20 (156 residues).
Last year, we managed to crystallise and solve the
structure at 2 A resolution of a trypsinated complex
containing almost all CBP80 (residues 20-670 and 685790) and the middle half of the CBP20 (residues 22-76
and 79-120) which exactly corresponds to the RNA
binding domain (RNP domain).
We found that CBP80 consists of three domains each
composed of helical hairpin repeats. As predicted by
sequence analysis, the N-terminal helical domain of
CBP80 is structurally similar to a middle domain of
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eIF4G (MIF4G) whose structure has recently been
determined. The other two CBP80 domains are also
structurally similar to this so-called MIF4G domain,
but not previously identified as such. CBP20 contains
a classical RNP domain and is tightly bound to the second and third helical domains of CBP80. We found that
four distinct point mutations in the RNA binding surface of CBP20 severely affect capped RNA binding.
Differential effects of the mutants on competitive discrimination between capped RNA and various cap
analogues allow us to propose a model for cap binding to the small subunit (Mazza et al., 2001).

Structure of human CBC bound to a cap
analogue
The cap binding model we deduced from the previous
study does not explain how CBP20 specifically recognizes the methylated base m 7G. This is achieved in
both eIF4E and Vp39 by sandwiching it between two
aromatic residues. Although we have identified a tyrosine residue as the bottom side of a potential sandwich,
we have not managed to identify the other potential
partner. If it exists it is probable that it is on either the
N- or C-terminal extensions to the currently visible
part of CBP20. The involvement of these extensions is
suggested by the fact that cap analogue pre-bound to
CBC protects CBP20 from trypsin cleavage at the three
sites otherwise accessible as well as the effect of some
m u tations and deletions in the extensions.
Since we failed to crystallise the intact cap-bound
complex, we decided to modify the large subunit in
order to increase its crystallisation possibilities. From
the previous structure we could see that the C-terminal domain of CBP80 contains a prominent coiled coil
of around 30 A which is orientated into a big solvent
cavity in the crystal. This long projection undoubtedly hinders the packing of the protein in a crystallattice. An internal deletion of the CBP80 has thus been
made in order to remove the protruding part of this
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coiled coil. This mutation has no effect either on CBP20
binding or on capped-RNA binding. We very recently have obtained crystals of this truncated CBC in
complex with a cap analogue m 7GpppG and solved the
structure at 2.1A resolution by molecular replacement.
The almost entire Nand C-terminal extensions of
CBP20, missing in the previous structure, could be
built in the electronic density and the cap analogue
positioned. It appears that the extensions are disordered in the absence of cap and fold around bound cap
into a highly intricate structure. This structure is still
under refinement but promises to give a precise view
of the recognition of the capped-RNA by the nuclear
CBC.

U snRNA export complex
The 5' cap structure is essential for nuclear export of
U snRNA and recent studies have shown that two
molecules, CBC and PHAX act as adaptors between the
RNA and the CrmljXpol-RanGTP nuclear export
machinery (Ohno et al., 2000). PHAX binds directly to
CBC, complex formation being enhanced by the presence of capped RNA which also binds to PHAX via a
novel RNA-binding domain.
PHAX is a 42 KDa protein with a very well conserved
central domain which has been shown to be an nonspecific RNA-binding domain. The N-terminal part is
involved in CBC binding while a deletion of the C-terminal 65 residues has no affect on RNA export. In
addition to a nuclear export sequence, phosphorylation
of PHAX is absolutely required for its interaction with
the export receptor. This phosphorylation is performed
in vivo by the casein kinase II (CK2) and two major
phosphorylation clusters have been identified. The
structural basis of this requirement for phosphorylation, which regulates assembly in the nucleus and disassembly in the cytoplasm of the export complex, is a
key question.
l.

We can now routinely produce large amounts of PHAX
and a C-terminal deletion mutant in E. coli and prepare
a pure CBCjPHAX complex. However, neither the
PHAX alone nor the ternary complex have yet been
crystallised. In order to reinforce the stability of the
CBCjPHAX complex, we are also planning to produce short capped-RNAse The reconstituted quaternary complex CBCjPHAXjRNA will be studied by
electron microscopy and crystallography.

motifs which have been shown to bind SH3-binding
domains (e.g. Src-class 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-l-responsive kinase that phosphorylates hnRNP
K in a nucleic acid-dependent fashion.

Heterogeneous nuclear
ribonucleoprotein K (hnRNP K)

We are studying the structure of hnRNP K in collaboration with the group of Matthias Hentze in
Heidelberg (notably with Antje and Dirk Ostareck).
Our goal is to determine the three dimensional structure of hnRNP K and its interacting partner complexes using X-ray crystallography. This will provide a
structural basis for understanding the central role of
this multi-functional protein. We will try to obtain
structures of complexes with, for example CU-rich
RNA sequences (e.g. the DICE sequence which regulates LOX translation), CT rich DNA sequences and
SH3 domains. This would enlighten several important
questions e.g. how do KH domains bind to RNA? How
can they bind to both RNA and DNA? What determines the specificity of different KH domains for different RNA sequences? How are multiple KH-domains
in the same protein disposed with respect to each
other? How does phosphorylation of hnRNP K effect
RNA binding? Ultimately we would like to understand the structural basis of hnRNP K repression of
LOX translation which seems to involve inhibition of
ribosome subunit assembly.

(Paul Backe with Matthias Hentze, Dirk
Ostareck, Antje Ostareck, EMBL-HD)
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 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 CU-rich sequences on the 3' UTR of
the mRNA. Indeed hnRNP K has now been implicated in the regulation of gene expression at many levels,
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
systems.
hnRNP K is highly modular, comprising three KH
domains, two RGG boxes, a cluster of three proline-rich

----------------------------------------------------------------------------------------------------

We have made a series of expression constructs for various truncation mutants of hnRNP K, including different domains. The most successful has been that of
the C-terminal KH domain (KH3) which has been
crystallized giving monoclinic crystals that diffract
to o.9A resolution! The structure was solved using
the previously determined NMR structure. We are
continuing with crystallization trials of this KH
domain with DNA and RNA oligomers.
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previously determined Xbra/DNA complex shows
differences in the quaternary structure of the two complexes. TBX3 independently recognizes the two binding sites present in the palindromic DNA duplex,
which agrees with the fact that thus far identified T-box
targets contain only single sites. In contrast, in Xbra
DNA binding to the palindrome is stabilized through
interactions between the two monomers. The different
quaternary structures do not affect the interactions
with the individual DNA target sites and the conformation of the DNA and suggest different DNA-binding modes for T-box transcription factors.

TBX3:DNA complex

Group Leader: Christoph W. Muller

* indicates part of year only

Research in the last year has been focusing on three
major themes. First, we have pursued our research
on the structure and function of sequence specific
eukaryotic transcription factors and their interaction
with DNA target sites. Second, our analysis of importin
superfamily proteins and their interactions with
transport substrates has continued. Third, we initiated work on the nucleosome remodeling complex
CHRAC and its catalytic subunit ISWI.

(c. W. Muller collaboration with M. Call,
Barcelona and J.G. Seidman, Harvard
Medical School, Boston)
T-box genes encode transcription factors involved in
morphogenesis and organogenesis of vertebrates and
invertebrates. Mutations in human T-box genes TBX3,
TBX5 and TBXl cause severe genetic disorders known
as ulnar-mammary-syndrome (VMS), HoH-Oram-syndrome (HOS) and DiGeorge-syndrome, respectively.
DNA-binding of T-box transcription factors is mediated by the 180 amino acid residue T-box domain
The crystal structure of the T-box domain of the first
human T-box transcription factor, TBX3, in complex
with DNA has been determined at 1.7 A resolution
using data collected at the microfocus beamline ID-13
of the ESRF. The structure was solved by molecular
replacement using the T-box domain bound to DNA of
the Xenopus laevis T protein (Xbra) and refined to a
crystallographic R-factor of 20.1 % (Rfree=23.9%) using
data between 20-1.7 A (Figure 1). The structure provides a rationale to explain structural consequences of
T-box domain point mutations observed in VMS and
HOS patients. Interestingly, the comparison with the

--------------------.----.-----------------------------------.--.-
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Figure 1. Structure of the T-box domain of human TBX3 bound

to DNA.
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NFKB P52:Bcl-3:DNA cOll1plex
(Fabrice Michel, Montserrat Soler-Lopez,
Carlo Petosa collaboration with U.
Siebenlist, NIH Bethesda, USA)
The NFKB/Rel family of eukaryotic transcription factors controls many mammalian genes involved in
immune and inflammatory responses. The inhibitory
IKB proteins control DNA-binding activity and cellular localisation of NFKB. Bcl-3 is a unique member of
the IKB family, which is primarily localized in the
nucleus. Bcl-3 contains seven ankyrin repeats. It preferably binds NFKB PSG and PS2 homodimers but can also
form ternary complexes with DNA-bound NFKB PSG
and PS2 homodimers.
We are working towards the crystal structure of a ternary complex containing Bcl-3 and NFKB P52 homodimers bound to DNA. As an intermediate result we
have obtained crystals of the ankyrin-repeat domain
(ARD) of Bcl-3 in its unbound form. Data were collected on beam line ID14-1 at the ESRF. The structure
of Bcl-3 has been solved by molecular replacement
using the model of the murine IKBa. The model was
built automatically using program wARP and was
subsequently refined at 1.9 A (R-factor = 17.7%, Rfree
= 21.7%). The structure of unbound Bcl-3 (Figure 2)
resembles the structure of IKBa in the NFKB/IKBa
complex (r.m.s.d'192Ca=1.S A) but differs in the N-terminal repeat and at the C-terminus, where the seventh
ankyrin repeat of Bcl-3 replaces the acidic PEST region
of IKBa. In a hypothetical model of Bcl-3 bound to a
DNA-bound NFKB PSO homodimer only minor adjustments of residues in the 7th ankyrin repeat of Bcl-3 and
of the DNA backbone are required to avoid any steric
clashes. In our model the p-hairpin of repeat 7 is positioned close to the minor groove of the DNA.
Differences between Bcl-3 and IKBa suggest why Bcl3 differs from IKBa in selectivity towards various
NFKB species, why Bcl-3 but not IKBa can associate

ANK1

ANK2

ANK4

ANK5

ANK6

ANK7

Figure 2. Ribbon diagram of the Bcl-3 ankyrin repeat domain. The molecule curves toward the al helices (light grey), which together
with the [3-hairpins forms the presumed binding surface for pSG and pS2 homodimers.

with its NFKB partner bound to DNA. The comparison
of the two structures thus provides insight into the
functional diversity of IKB proteins.

GCM:DNA cOll1plex
(Serge Cohen, Martine Moulin,
collaboration with W. Meyer-Klaucke,
EMBL Hamburg and M. Wegner,
Universitat Erlangen, Germany)
In Drosophila the transcription factor GCM (glia cell
missing) directs differentiation of neuron precursor
cells into glia cells, whereas in mammals thus far roles
----190

of gem genes in the morphogenesis of the placenta
and the parathyroid gland have been described. The
small family of GCM transcription factors shares a
170 amino acid residues DNA-binding domain, named
GCM-domain, which binds as a monomer to its 8 base
pair A/C CCCGAT target sequence. GCM-domains
contain a number of characteristically spaced conserved cysteine and histidine residues indicating their
possible role in the coordination of Zn-ions.
We have expressed the GCM domain of murine GCMa
in bacteria, purified the protein and were able to obtain
co-crystals of the GCM-domain in complex with its target DNA (Figure 3). Several different crystal forms
could be obtained. The best crystals diffracted to about
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Crm1

Crm1/Ran/Snp

Figure 4. Preliminary 3D electron

microscopy reconstruction of Crm1.
Shown are the Crm1/Ran/Snurportin1
complex (right), Crm1 in the unbound
state (middle) and for comparison the
crystal structure of importin f3 filtered to
15 A resolution (left). Three views are
shown from top to bottom. The ternary
complex reveals additional regions of
protein mass (asterisks) missing from
unbound Crm1 which are likely due to
the presence of the bound Ran and Snp
proteins. Figure by Guy Schoen.

Figure 3. Crystals of the GCM-domain of murine GCMa bound

to DNA. Crystals grow as clusters of thin plates with a
thickness of about 10-20 Jim.

2.8 A resolution. X-ray absorption spectroscopy at the
ESRF synchrotron showed the presence of Zn-ions in
the crystal. To further study the geometry of the Znbinding site we used extended X-ray absorption fine
structure (EXAFS) spectroscopy in collaboration with
W. Meyer-Klaucke. In addition, we determined the
exact number of Zn-sites per molecule by particle
induced X-ray emission analysis (PIXE). These experiments showed the presence of 2 Zn sites per molecule
with either lHis/3Cys coordination for both Zn-ions
or with 2His/2Cys coordination for one Zn-site and a
4Cys coordination for the second Zn-site.
Multiple isomorphous replacement (MIR) using iodoand bromo-substituted DNA oligonucleotides yielded
an initial experimental electron density map at 3.2 A
resolu tion. The quality of the initial electron density
was of poor quality. Phase combination using partial
models in combination with sequence markers (like i.e.

Zn coordinating Cys/His residues) were used to construct the atomic model. Refinement using data to 2.9
A has now been almost completed.

Dictyosteliulll STAT:DNA
cOlllplex
(Montserrat Soler-Lopez, collaboration
with J.G. Williams, University of Dundee,
UK)
Mammalian STAT proteins are transcription factors
involved in cytokine and growth-factor signaling. Our
group previously reported the crystal structure of the
murine
bound to DNA. Recently, it was discovered that stalk cell differentiation in the amoebae
191

Dictyostelium discoideum is mediated by a STAT protein,
Dd-STAT. It contains clear regions of sequence homology to STATs of higher organisms especially at its Cterminal end, although the overall sequence similarity is rather low. Two morphogens, extracellular cAMP
(through the serpentine receptor cARl) and a differentiation-inducing factor DIF, lead to tyrosine phosphorylation of Dd-STAT, its subsequent dimerization
and translocation to the nucleus. Once in the nucleus,
Dd-STATs bind to specific promoter sequences in their
target gene ecmB (in the repressor element). This promoter contains TTGA sequences as inverted repeats
separated by one or two A/T base pairs.
We are currently pursuing structural studies on DdSTAT in order to gain deeper insight into its mode of
interaction with DNA in Dictyostelium. These studies

EMBL 2001 Research Reports

will also reveal similarities and differences between
Dictyostelium and mammalian STATs and should give
further hints about the evolutionary relationship
among different STATs.
An N-terminally truncated form of Dd-STAT was coexpressed with an Elk kinase to specifically phosphorylate the protein and form stable dimers. Using
anti-phosphotyrosine and anti-C-terminal-phosphotyrosine antibodies we could confirm that it is tyrosine
phosphorylated at the C-terminus. A bandshift assay
performed with the purified Dd-STAT fragment and
different DNA oligonucleotides of varying length and
containing the TTGA repeats as a binding site showed
that the protein is active and binds to DNA.
We have obtained crystals of Dd-STAT that diffracted
beyond 3A but they appeared to present internal disorder and are therefore not suitable for crystallographic studies. We are now subcloning fragments of
different lengths in order to improve the crystal quality. Crystals of Dd-STAT bound to DNA were also
obtained but so far they did not show any diffraction.

Nuclear transport receptors of
the illlportin superfalllily
(Carlo Petosa, Martine Moulin
collaboration with the groups of I. Mattaj
and P. Bork, EMBL Heidelberg and R.
Ruigrok, EMBL Grenoble)
Macromolecular traffic between the nucleus and cytoplasm is mediated to a large extent by the importin P
(impp) protein family of transport receptors. These
proteins are roughly 100 kDa in size and interact with
the small GTPase Ran and with proteins of the nuclear
pore complex (nucleoporins). Different impp receptors
recognize different classes of macromolecular cargo,
and these cargo-binding interactions are either dis-

rupted (during import) or enhanced (during export) by
the binding of RanGTP to the receptor. Crystal structures are known for two family members, importin P
and transportin. Importin P mediates the nuclear
import of a diverse set of proteins, including importin
P, HIV rev and tat, and the snRNP import factor snurportinl, while transportin mediates the import of the
pre-mRNA binding proteins Al and F. Both importin
Pand transportin consist of an array of consecutive
helix-turn-helix motifs termed HEAT repeats.
Understanding how the three-dimensional interactions between neighbouring repeats affect the pitch,
width and flexibility of the superhelix is important for
understanding how the primary sequence specifies
the overall shape of the protein, and what conformational changes may occur within the molecule.
Together with Peer Bork's group we have examined the
sequences and structures of HEAT and ARM motifs
and have identified a number of criteria permitting
members of this superfamily to be classified according
to well-defined sequence patterns and structural features.
The structures of full-length importin P bound to a
domain of importin Pand of a partially deleted fragment bound either to RanGTP or to a nucleoporinderived domain have greatly advanced our understanding of importin-p mediated import. However,
several questions remain unanswered, such as what
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importin P looks like in its unbound state and what
conformational changes are induced upon RanGTP
binding. We are investigating these questions by a
variety of biochemical and biophysical techniques. In
collaboration with Rob Ruigrok's group, we are analyzing importin Pin its unbound and Ran-bound states
by electron microscopy to obtain single particle, 3D
reconstructions into which the higher resolution crystal structures may be docked. This approach should
also allow us to visualize complexes of importin P
bound to nucleoporins and cargo proteins not readily
amenable to crystallographic analysis.
Crml is a member of the imp P family involved in
the export of snurportinl and of proteins bearing a
leucine-rich nuclear export signal (NES). While Crml
is predicted to possess a HEAT-repeat fold, it shares
relatively low sequence similarity with the two impp
proteins of known structure. In order to understand
how Crml recognizes its cargoes and how these interactions are enhanced by the binding of RanGTP, we are
pursuing structural studies of Crml in collaboration
with lain Mattaj's group. We have expressed and purified recombinant Crml, Ran and snurportinl from E.
coli in milligram amounts and have reconstituted the
ternary complex for crystallization trials. Guided by
sequence analysis and partial proteolysis data, we
have also generated a set of partially truncated fragments of Crml and of snurportinl in an effort to find
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Figure 5. Domain structure of the IS WI ATPase according to program SMART.
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subunit of a class of nucleosome remodelling factors
and belongs to the SWI2/SNF2 family. In Drosophila
ISWI was found in the complexes NURF (4 subunits),
CHRAC (4 subunits), and ACF (2 subunits).
Interestingly, the recombinant ISWI subunit can catalyse the sliding of nucleosomes by itself although with
lower specific activity.

Figure 6. Crystals of a C-terminal fragment of the ATPase

ISWI ATPase comprises 1027 residues. It is predicted
to contain an AT-hook, two N-terminal helicase
domains and two C-terminal so-called SANT-domains,
which are putative DNA binding regions (Figure 5).
Recombinant ISWI protein can be expressed in bacteria following a procedure established by our collaborators. Proteolytic analysis of full-length ISWI led to
the subcloning of the N-terminal two thirds and the Cterminal third of the protein. The N-terminal part contains the helicase domains and an adjacent AT-hook
motif. The C-terminal part of ISWI contains two predicted SANT-domains.

soluble fragments which retain activity and can be
crystallized as a stable complex. Electron microscopy
studies of Crml in complex with various binding partners are also underway. The resulting single particle 3D
reconstructions should lead to a better understanding
of the assembly and disassembly of Crml-export complexes.

Crystals of a C-terminal fragment of ISWI have been
obtained and reach sizes of 1000 f.1mxlOOf.1mxlOOf.1m
(Figure 6). So far these crystals diffract to a maximum
of 4 A resolution. Electronspray mass-spectroscopy
of the crystals revealed the presence of two different
fragments, one of them lacking 10 residues at the
amino-terminal end. Attempts to improve the crystal
quality include recloning the fragment at this position.

IS WI.

Nucleosol11e Rel110deling Factors
(Tim Grline, Florence Noel, collaboration
with P.B. Becker, Universitat Mlinchen,
Germany)
Alteration of chromatin structure plays a critical role
in transcriptional regulation. Chromatin remodeling
includes the sliding of nucleosomes and leads to
increased accessibility of nucleosomal DNA. Imitation
Switch protein (ISWI) is the common ATP-dependent
L--

minal targeting sequences are imported into the mitochondria by a distinct import system. This system
comprises the translocase of the outer membrane
(TOM) also used by other mitochondrial proteins and
a specialized inner membrane translocase complex
(TIM) containing proteins Tim22 and Tim54. Two
homologous proteins Tim9 and TimlO chaperone the
passage of the hydrophobic precursor across the intermembrane space. Tim9 and TimID contain both characteristic Zn-finger sequences and are associated in a
70 kDa complex in the inter-membrane space. We try
to gain structural insight into the mechanism of carrier
protein transport into mitochondria. We have
expressed and purified a C-terminal fragment of TimID
and recently obtained crystals. Structure determination
using heavy-atom derivatives is currently in progress.

Il11port of inner l11el11brane
proteins into l11itochondria
(Leonard Chavas, collaboration with K.
Tokatlidis, University of Manchester,
England, R. Ravelli, EMBL Grenoble and S.
McSweeney, ESRF Grenoble)
The precursors of inner-membrane proteins (e.g.
ADP / ATP carrier, phosphate carrier) lacking N-ter193
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Neutron protein
crystallography
Staff Scientist: Dean Myles

Our research is focused upon the development of high
resolution neutron protein crystallography and its
application to problems where hydrogen and water
play critical roles in biological structure and function.
Applications include direct visualisation of hydrogen
atoms at catalytic sites in enzymes and the location of
lipids! detergents and other disordered groups in crystals that often cannot be seen by X-ray analysis alone.
We are responsible for the support and development
of two neutron protein diffractometers at the Institut
Laue-Langevin (ILL)! LADI and DB21. Our role broadened significantly in 2001 to include biological/biochemical support with the creation of a joint
EMBL/ILL Deuteration Laboratory that will provide
a user facility for the production of deuterium-labelled
biological macromolecules for neutron scattering and
NMR.
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LADI structural studies
(D. Myles & F. Dauvergne)
The LADI neutron diffractometer is dedicated to neutron protein crystallography at high-resolution (l.sA)
and is used to study key hydrogen atom and water
structures in protein single crystal structures. The
combination of a broad bandpass quasi-Laue geometry with a novel 2pi! neutron sensitive image plate
detector provides 10-100 fold gains in efficiency compared with conventional neutron diffractometers. The
instrument is optimized for data collection to high
resolution from medium size proteins (----30kDa), sufficient to locate individual hydrogen atoms of special
interest! water structures or other small molecules
that can be marked with deuterium to be made particularly visible. Recent technical advances have
enabled data to be collected from very large unit cell
systems (>150A) and the tools and methods we developed for cryo-crystallography have entered routine
service on the instrument this year.
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The LADI research program is recognised internationally as world leading and in 2001 demand for
beam time was heavily over-subscribed (264 days
requested/156 days available). Work on LADI is principally concerned with locating specific hydrogen
atoms or water positions in proteins that cannot be
seen by X-ray analysis alone, even in cases where
atomic «1.2A) or near atomic resolution structures
have been obtained. Current projects aim to address
specific questions concerning enzymatic mechanism,
ligand-binding interactions! solvent effects, structure
dynamics and their implications. Group members
support visiting scientists in planning and performing
neutron experiments! and in most cases collaborate
closely on the analysis and interpretation of the data.
Specific examples of collaborative experiments include:

Structure-based mechanism of yeast (S.
cerevisiae) inorganic pyrophosphatase
(M.-T. Dauvergne, D. Myles withA.
Goldman & V. Tuominen, Turku)
This is perhaps the best understood phosphoryl transfer enzyme and catalyses the direct hydrolysis of inorganic pyrophosphate. The model for catalysis predicts that a water molecule that bridges two metal
ions at the base of the active site is deprotonated and
that this hydroxide ion is the attacking nucleophile.
Neutron diffraction should allow us to directly determine the protonation state of this water
molecule/hydroxide ion. Crystals suitable for neutron diffraction are temperature sensitive and fragile, making transportation difficult. Therefore we are
now growing and analyzing large single crystals of
fully (per)-deuterated protein directly in Grenoble.
Atomic resolution X-ray data have been collected from
these crystals at ESRF and crystal size is being
improved by repeated macro-seeding.

.--------------------------------------.---------------------.------.-.---------------------------.------------------------------j
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Study of the protonation state of the active
site of aldose reductase.
(M.-T. Dauvergne, D. Myles with E.
Howard & A. Podjarny, Strasbourg)
Aldose reductase catalyses reduction of aldehydes
and ketones to the corresponding alcohol using
NADPH as a coenzyme. In Diabetus mellitus, transformation of glucose into sorbitol causes degenerative
complications and AR inhibition is a target for drug
design. Neutron studies aim to provide further understanding of the protonation and hydration states of the
enzyme. We are now developing bacterial systems for
expression of this enzyme in fully deuterated media in
order to aid the neutron structure determination.

Neutron analysis of carbonic anhydrase
(CA)

(D. Myles with J. Gilboa & R. Mckenna,
Florida)
Carbonic anhydrase catalyze the hydration of carbon
dioxide: CO 2 + H 20 HC03- + H+. Residue His64 in the
active-site cavity of the most efficient isozymes of CA
acts as an intramolecular proton shuttle by transferring
protons between a zinc-bound water and solution, a
path that involves intervening hydrogen-bonded water
molecules forming a "proton wire". We are using neutron diffraction to determine the structure of active-site
cavity mutants of human CA II and III and Mouse
CA V, and their complexes and will correlate this information with the efficiency of proton transfer during
catalysis of each mutant.
L--

On the thermal stability of the rubredoxin
(D. Myles with R. Bau & I.Tsyba,
California)
The iron-sulfur redox protein rubredoxin (Rd) from
Pyrococcus furiosus (Pf), found in deep undersea superheated vents, is stable for days in boiling water, whereas most other bacterial rubredoxins are readily denatured within minutes at 100°C. Comparison of the xray structures of PfRd and other rubredoxins showed
that the PfRd structure does not appear to be stabilized
by an unusually large number of either hydrogen
bonds or salt bridges. We are using high-resolution
neutron diffraction to probe this temperature stability by analysing the extent of H/D exchange at main
chain N-H bonds in a series of rubredoxins that have
been subjected to varying degrees of H 2 0/D 2 0
exchange (by boiling for different times). Comparison
of the pattern and extent of H/D exchange in these
structures should help identify flexible regions
exposed to the environment that readily exchange (ND) from those more rigid and/ or protected regions that
do not (N-H). Analysis of neutron data collected to 1.6
A resolution and at 12K from the first of these structures is now underway.

The catalytic mechanism of D-xylose ketolIsomerase
(D. Myles with E. Snell, R. Judge & M. van
der Voerd, NASA)
D-xylose ketol-isomerase enzyme (glucose isomerase)
is used industrially to isomerize glucose to fructose, a
sweetener used extensively in the food industry. We
have collected neutron data to 2.4A resolution on a
mutant glucose isomerase from Streptomyces rubiginosus that exhibits better performance (high activity
and stability at high temperatures, 70°C) than the

native form. This analysis should improve our knowledge of the structure of the active site and the mechanism of enzymatic operation, specifically in distinguishing the position of the Mg/Man ions required for
activity from water that is thought to act as a proton
donor or acceptor.

Maxilllising the future illlpact of
neutron protein crystallography
As part of the development and expansion of life science activities at ILL, we are collaborating on the
upgrade of existing instrumentation and facilities and
on the provision of the necessary biological infrastructure to support a dedicated program of neutron
structural biology. This work advanced significantly in
2001 with a number of key developments. We have
launched parallel initiatives aimed at improving detector performance, developing novel detector materials
and engineering our samples to match and exploit
the specific demands and particular strengths of neutron scattering techniques. A key component has been
the creation of a joint EMBL/ILL Deuteration
Laboratory for deuterium labeling of biological
macromolecules that will support the user community and help drive our own research program in structural molecular biology.

Instrument developments

Upgrade of the LADI protein
diffractometer
(D. Myles, F. Dauvergne, F. Cipriani with
C.Wilkinson & P. Timmins, ILL)
We have identified and tested possible modifications
of the LADI diffractometer that would significantly
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improve and upgrade instrument performance. Three
major improvements were highlighted (i) a new detector configuration, (ii) new image plate materials with
lower y-sensitivity and (iii) a new high flux beam position. These would deliver substantial gains of > 10fold in instrument performance and capability. In
addition, exotic super-mirror focusing devices have
been produced and shown to provide a further 2-4-fold
gain in flux. Our upgrade proposal was strongly
endorsed by the ILL instrument sub-committee in
2001 and development will begin in 2002.

Development of neutron image plates
(A. Popov, F. Dauvergne, D. Myles with C.
Wilkinson, London)
The neutron sensitive image plates used in the LADI
diffractometer have great potential and advantage as
cold and thermal neutron detectors. A cruciallimitation that restricts use of these materials at higher neutron flux positions closer to the reactor is the intrinsically high y IX-ray sensitivity of available Gd 20 3 doped
BaF(Br.I):Eu 2 + plates. In order to improve gamma
insensitivity, we have been investigating novel low
atomic weight storage phosphor materials used in
conjunction with Li and B based neutron converters.
Additional work has been done to model and refine the
optimal physical parameters. New gamma insensitive scintillator I phosphors now being developed at
EMBL with colleagues from TU Delft under the EU
funded TECHNI project should improve performance
of image plates up to 10-fold in high gamma environments, enabling these instruments to be used at high
beam intensity positions closer to the reactor.
L

.

.
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DB21 - Low resolution Neutron
Crystallography
(D. Myles with P. Timmins, ILL)
DB2l is used for low resolution (> lOA) neutron protein
crystallography of complex biological macromolecules where H 2 0/D 2 0 contrast variation techniques
can be used to locate disordered components (nucleic acids, lipids, detergents) that cannot be seen by Xray crystallography. This year we have begun to investigate the development of ab initio phasing methods
using these low resolution contrast variation techniques. This is a new and rather different use of DB2l
that might provide a viable alternative for solution of
the phase problem in specific cases. Larger detector
coverage would also significantly increase the efficiency of the instrument and we are equipping a
Marresearch image plate device with neutron image
plates identical to those that are used on the LADI
detector. We are also investigating operation at shorter wavelengths near 3.oA where the use of focussing
monochromator designs and super mirror optics could
allow medium resolution single crystal data sets to be
collected on larger unit cell systems (> 100A) in reasonable time.

Other developments
As part of the development of Life science activity at
ILL, we are collaborating in the development of the
D19 monochromatic diffractometer that has been used
for single crystal analysis of small proteins and polysaccharides and for fibre diffraction analysis of biological polymers. Improved performance in terms of
speed, accuracy and sample range can be delivered by
replacing the current detector system with a large
state-of-the-art area detector. A major grant was
awarded by the UK EPSRC in 2001 for the construction
of a new area detector system that will produce a gain

-------------.------------.-------------------------------

of ,..,25 in solid angle, and will result in the creation of
a fast monochromatic instrument for high-resolution
neutron crystallography and neutron fibre diffraction. The consortium includes J. Howard (Durham),
M.Davidson (Bath), W.Fuller (Keele), S.Mason (ILL),
T.Forsyth (ILL/Keele)and D. Myles (EMBL).

The EMBL/ILL Deuteration
Laboratory
(M.-T. Dauvergne, D. Myles with T.
Forsyth, P. Timmins & M. Haertlein, ILL)
A joint EMBL/ILL deuteration laboratory was established in 2001 to support the neutron scattering community. The provision of deuterium labelled proteins
or nucleic acids has a critical impact upon neutron
applications in high resolution crystallography, solution scattering studies and in the analysis of macromolecular dynamics. The laboratory will provide core
facilities for visiting scientists, access to specialised
equipment and the necessary expertise to enable new
projects to progress towards large-scale expression
and production of deuterium labelled macromolecules. This development will have a critical impact
on the quality and quantity of neutron experiments in
protein and macromolecular diffraction, small angle
scattering and inelastic scattering and will bring new
biological science to the ILL and EMBL in all of these
areas.
Our role within this joint laboratory is to develop and
adapt common yeast and bacterial expression systems for robust and reliable expression of fully
(per)deuterated proteins in high cell density cultures.
As part of this work, we are investigating the use of
proteomic techniques to help understand the adaptation processes at the molecular level. We have initiated a program for expression of a number of perdeuterated proteins in conjunction with our own in-house
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projects (below) and in collaboration with external
user groups that will provide the core 'start-up' activity of the new Laboratory.

V-LAB European network for biological
deuteration for neutron scattering and
NMR

(D. Myles, EMBL, with T. Forsyth,
ILL/Keele; P. Timmins, ILL; M.Sattler,
EMBL; A. Watts, Oxford; G. Zaccai, D.
Marion & M. Blackledge, IBS, Grenoble)
Structural and dynamic studies of biological systems
using both neutron scattering and NMR techniques can
be greatly enhanced by specific and selective isotopiclabelling of complex bio-molecules such as proteins,
nucleic acids, lipids and sugars. The D-LAB project
aims to provide the tools necessary to develop and
exploit this potential, by producing more robust and
reliable systems for deuterium-labelling of bio-molecules and by providing more sophisticated techniques
for their analysis. Each partner will take the lead in
developing the techniques, methods and systems necessary for the production of deuterium-labelled biological molecules in their specific fields and all will be
involved in evaluating the impact on downstream
technologies.
As coordinating partner, the EMBL-Grenoble node
will in addition become a repository, maintainer and
distributor of the expertise developed by the group,
and as such will provide an important focus and facility for the routine production of perdeuterated proteins / nucleic acids and other labelled bio-molecules.
The tools developed in D-LAB will enhance the quality and quantity of neutron and NMR experiments
done at European facilities and will provide new, more
sophisticated and powerful approaches to the solution
of complex biological problems.

Research
Research activity within the group is focused on the
application of high-resolution neutron crystallography
to systems where hydrogen and water play key and
critical roles in biological structure and function.
Current projects aim to address specific questions
concerning enzymatic mechanism, ligand-binding
interactions, solvent effects, structure dynamics and
their implications. Heavy emphasis has focused this
year upon the development of bacterial expression
systems for the production of fully deuterated proteins
in high cell density culture within the joint EMBL/ILL
Deuteration Laboratory.

Cytochrome P450
(F. Meilleur, M.-T. Dauvergne, D. Myles
with I. Schlictling, Heidelberg)
Cytochrome P450 enzymes are ubiquitous haem-containing monooxygenases involved in a number of biological processes where they act as terminal oxidase in
multicomponent electron transfer chain. The enzyme
inserts oxygen atoms into hydrocarbons abstracted
from molecular oxygen, rather than from water.
Despite the wealth of available biochemical and biophysical information, the mechanism of activation of
the bound dioxygen is still unclear and a rather complicated proton delivery pathway is thought likely to
be involved. In order to better understand this process,
we are using deuterium-labelling and high resolution
neutron and X-ray diffraction to analyse the hydration
state and hydrogen bonding networks at the active site
in ligand bound and intermediate states (P450-camphor / P450-camphor-02). We have expressed, purified,
crystallised and characterised native (hydrogenated)
P450cam, and are now adapting and optimising protocols for the production and analysis of the fully
(per)deuterated enzyme in high cell density cultures.
- - - - - - - - - - - 198 - - -

Three distinct crystal forms have been obtained that
often co-crystallise under similar conditions. X-ray
data have been collected to 1.4A resolution from a
tetragonal form (P4122/P4322, a=67A,c=264A) and
we are now using micro- and macro-seeding strategies
to grow large crystals of an orthorhombic form, more
promising for neutron studies on LAD!.

The y-crystallin eye lens proteins
(M.-T. Dauvergne, D. Myles with P.
Timmins, ILL; P. Lindley & S. McSweeney,
ESRF)
The y-crystallins are integral eye lens proteins that
are present at high concentrations near a critical point
whereby very soluble proteins undergo a low energy
phase separation driven by the competing forces of
protein-water, water-water and protein-protein interactions. We are studying solvent-protein interactions
in y-crystallins that are involved in the liquid-liquid
phase separation that leads to opacification of the
ocular lens fibre cell cytoplasm in some mammalian
cataracts. Our aim is to determine and analyse the
solvent structure in gamma crystallins using combination of high (atomic) resolution X-ray diffraction
and neutron crystallography in order to help map and
understand the structure and dynamics of water (D20)
interactions at the surface of the protein. We have
expressed, purified and crystallised hydrogenated
protein from the rat y-C and the rat y-E clones. Large
crystals of hydrogenated gamma-E crystallin were
readily obtained and X-ray data have been collected to
1.4A resolution, well beyond the 2.3A resolution at
which the structure has been reported. We are now
involved in growing large crystals of fully (per) deuterated protein for neutron analysis. In parallel with this,
we have expressed, purified and crystallised rat y-C
crystalline as small, fine needles (20-30 micron in
length) that show anisotropic diffraction to ---sA resolution. This is the first reported crystallisation of any
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y-C crystalline and efforts are underway to improve
diffraction quality of these crystals.
As part of our interest in developing crystallization
protocols for large crystal growth, we have collaborated with Prof. Garcia-Ruiz and colleagues in Granada
to investigate crystal growth in capillaries and under
microgravity conditions aboard the International Space
Station. First results from y-C and y-E crystallins have
been particularly encouraging yielding large single
crystals of y-E crystalline and a new prismatic morphology of y-C more amenable to single crystal analysis.

The structure of concanavalin A & its
complexes with saccharides
(M. Blakeley, D. Myles, with J. Helliwell,
Manchester. & J. Gilboa, Weizmann Inst.)
Concanavalin A from the jack bean Canavalia
Ensiformis, is a sugar-binding protein capable of specific recognition and reversible binding to complex
carbohydrates that provides a good model system for
the study of ligand binding interactions. Detailed X-ray
crystal structures of the protein and its complexes
with sugars are available. In previous work, comparison of neutron and X-ray structures of the saccharide-free 1222 crystal form showed that the neutron
study at 2.4A assigned 88 out of 148 water D20 molecules for which both deuterium positions could be
identified, compared with only 12 H 20 molecules that
had well defined positions for both hydrogens in their
0.9sA X-ray analysis. In order to improve and extend
this analysis, we have re-determined the 2.4A neutron structure of the protein at 12K on LADI, using
flash-cooling protocols that enable large protein crystals (1-3mm 3) to be cooled, transferred and mounted
onto a modified Edwards Displex cryostat for data
collection at cryogenic temperatures. A complete 1.6A

X-ray data set was subsequently collected at lOOK
from the same frozen crystal. Both the neutron and Xray structures of this crystal have been refined and we
are now making a systematic comparison of the water
structure determined from this crystal with those
determined in previous low and room temperature
neutron and x-ray analyses. Preliminary results suggest that the definition of water and deuterium atom
positions is much improved in the low temperature
neutron analysis. Many more waters can be located
and visualized as complete D20 molecules than at
room temperature in the same protein.
Preliminary experiments on the cubic crystal form of
the complex of concanavalin A with methyl alpha-Dglucoside (12 13, a=167A) are pushing the boundaries
of the technique and will provide a test case for developments in 2003.

Publications during the year
Coates, L., Erskine, P.T., Wood, S.P., Myles,
D.A.& Cooper, I.B. (2001). A neutron Laue diffraction study of endothiapepsin: implications
for the aspartic proteinase mechanism.
Biochemistry, 40, 13149-13157
Cole, J.M., McIntyre, G.}., Lehmann, M.S.,
Myles, D.A., Wilkinson, C. & Howard, }.A.
(2001). Rapid neutron-diffraction data collection for hydrogen-bonding studies: application of the Laue diffractometer (LADI) to the
case study zinc (tris)thiourea sulfate. Acta
Crystallogr. At 57/ 429-434
Forsyth, V.T., Mason, S.A., Howard, J.A.K.,
Davidson, M.G., FullerW. & Myles D.A.A.
(2001). A fast new diffractometer for chemical
crystallography, small proteins and fibre diffraction. N'eutron News, 12/ 20-25
Ho, }.X., Declercq, J.-P./ Myles, D.A.A., Wright,
B.S., Ruble, J.R., Carter, D.C., Detitta, G.,
Einspahr, H.M, Vekilov, P.G. & Wilson W.W.
(2001). Neutron structure of monoclinic
lysozyme crystals produced in microgravity.}.
Cryst. Growth, 232, 317-325
Imamura, K., Nimz, 0./ Jacob, J./ Myles, D.,
Mason, S.A., Kitamura, S" Aree, T. & Saenger,
W. (2001). Hydrogen-bond network in cyclodecaamylose hydrate at 20 K; neutron diffraction study of novel structural motifs band-flip
and kink in alpha-(1-->4)-D-glucoside oligosaccharides. Acta Crystallogr. B, 57/ 833-841
Kalb (Gilboa), A.J., Myles, D.A.A., Habash, J.,
Raftery, J. & Helliwell, }.R. (2001). Neutron
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Laue diffraction experiments on a large unit
cell: concanavalin A complexedwith methyl-D-glucopyranoside. J. Appl. Cryst., 34, 454457
Myles, D.A.A, Cipriani, F., Lehmann, M. &
Wilkinson, C. (2001). LADI: A new facility for
neutron protein crystallography. Neutron
News, 12, 38-43
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Ruigro Group

Virus structure group

Group Leader: Rob Ruigrok
Staff Scientist: Florence Baudin
Postdoctoral fellows: Guy Schoehn*
PhD students: Manos Mavrakis
Scientific Assistant: Isabelle Petit
Visitors: Hatice Akarsu, Jean-Baptiste
Artero, Marlyse Buisson, James Conway,
Mahir Karababa, Guy Schoehn

* indicates part of year only
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Structure and function of the
Epstein-Barr virus protease, a
target for antiviral drug design
(Marlyse Buisson, Florence Baudin and
Rob Ruigrok in collaboration with Wim
Burmeister, UJF Grenoble, visitor Cusack
group; Erika Valette, Jean-Fran<;ois
Hernandez, Christine Ebel and Gerard J.
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 I ymphoma, nasopharyngeal carcinoma, Hodgkin's disease and lymphoproliferative 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 dtJring infectious mononucleosis or for
EBV associated malignancies. One target for the development of anti-EBV treatment is the viral protease.
Herpesvirus proteases are essential for the production of infectious virus particles. Herpesvirus proteases are part of the assembly protein that forms 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
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leave the procapsid, a step that is essential for DNA
encapsidation.
The protease of EBV was expressed in E. coli and purified. Circular dichroism indicated that the protein
was properly folded with a secondary structure content similar to that of other herpesvirus proteases. Gel
filtration and sedimentation analysis indicated a fast
monomer-dimer equilibrium of the protease with a
Kd of about 60 pM. This value was not influenced by
glycerol but was lowered to 1.7pM in the presence of
0.5 M sodium citrate. We also developed an HPLCbased enzymatic assay using a 20-amino acid synthetic peptide substrate derived from one of the viral
target sequences for the protease. We found that conditions that stabilised the dimer also led to a higher
enzymatic activity. Through sequential deletion of
amino acid residues from either side of the cleavage
site, the minimal peptide substrate for the protease was
determined as P5-P1'. This minimal sequence is shorter than that for other herpesvirus proteases. Most
recently, we determined the atomic structure of the
protease (Figure 1) and the analysis of this structure
and its comparison with other herpes virus proteases
is in progress. These results are the first ever published on the EBV protease and represent a first step
towards the development of protease inhibitors.

Structure and function of the
influenza virus lllatrix protein
(Baudin, Petit and Ruigrok in
collaboration with Winfried Weissenhorn,
Steffi Arzt,ESRF, Grenoble; and Wim
Burmeister, UJF, Grenoble, visitor Cusack
group)
The matrix protein of negative strand RNA viruses,
such as influenza virus, measles virus and Ebola virus,
plays an essential role in the process through which
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new virus particles are formed on the surface of the
infected cell. In a simplified view, this group of viruses have a transport and a replication component. The
transport component consists of the viral lipid membrane plus the glycoprotein spikes that are embedded in this membrane. The glycoproteins take care of

cell entry and, for some viruses, also of the destruction
of the cell receptors so that newly formed virus can
leave the cell. The membrane is a physical barrier protecting the replication machinery outside of the cell
from external factors. The replication component is the
viral RNA that is bound in a stoichiometric manner to

the nucleoprotein N and the specific viral RNAdependent RNA polymerase is bound to this N-RNA
complex. The total of RNA and protein components is
called the nucleocapsid (NC) and this structure can
replicate the viral RNA and produce the various
mRNAs as soon as it enters the cell without any further

Influenza virus Ml

Ebola virus VP40

Soluble
Monomer

252 aa

Urea
Membranes

Figure 1. Structure of the EBV protease dimer. Structure of the
EBV protease dimer. The disopropyl phosphate group bound to
the active site serine is shown in a ball-and-stick-representation.
Poorly defined parts of the structure appear in a lighter shade.
(See CD-ROM or on-line version for full colour graphic.)

N

Hexamerization
(NC binding?)

N

C

Membrane
binding

C

Membrane
binding

NC
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Figure 2. Comparison of the functional organisation of Ebola virus and influenza virus matrix proteins.
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Figure 3. a) Top: Electron micrographs of the full-length gp12 and the proteolytic fragments stained with 1 % sodium silicotungstate. Averaged images are shown as insets for the native fibre and the two
proteolytic fragments. Bottom: view of a small crystal fragment stained with uranyl acetate and our interpretation of the crystal packing. b) Structure of the heat and protease-stable fragment of the bacteriophage
T4 short fibre (gp12). Left: X-ray structure surrounded by low resolution 3D EM maps of the fragment (left) and the intact protein (right). Residues 85-245 are not ordered in the crystal but visible in the EM
map. Residues 397-517 (missingfrom the crystallisedfragment, probably occupy density at the top of the intact EM map, while residues 1-85 (which link the fibre to the T4 baseplate) probably have EM density
at the bottom. The scale bar represents 100 A. Right: X-ray structure of the T4 short fibre fragment. The N-terminal domain (246-282) is at the bottom, the triple fi-helix domain (290-327) is in the middle and
the C-terminal domain (334-396 and 518-527) is at the top. (See CD-ROM or on-line version for full colour graphic.)

need of the transport component (for a structure of the
rabies virus N-RNA see our research report 2000).
Inside the virus particle, the matrix (M1) protein glues
the transport and replication components together.
In order to do this, it has to make contacts with the
cytoplasmic tails of the glycoproteins, with the lipid
membrane that has a specific structure (raft), with the
nucleocapsid and with itself since it is the polymeric
form of M1 that gives the virus its shape. The structure
L--

and function of the influenza virus M1 has been one of
the objects of study of our group for almost 10 years
and, through collaboration with Winfried
Weissenhorn, we can now compare some of its characteristics with that of the Ebola virus matrix protein.
After having worked mainly with intact virus (electron
microscopy) and then with M1 isolated from virus, we
now only work with recombinant protein produced in

E. coli. Up to now all the characteristics of the recombinant protein are the same as those of the protein
isolated from virus.
Spontaneous proteolysis of influenza virus M1 during
crystallisation trials has defined an N-terminal domain
of amino acids 1-164. The structure of this domain
was described in the 2000 report, as were characteristics of the intact protein in solution. Full length M1, the
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N-terminal domain and the C-terminal part of M1
(residues 165-252) were produced in E. coli. In vitro tests
showed that only full length M1 and its N-terminal
domain could bind to negatively charged liposomes (as
a simplified substitute for actual viral membranes)
and that only full length M1 and its C-terminal part
bound to RNP. However, only full length M1 had transcription inhibition activity. Several independent
experimental approaches lead us to suggest that in
vitro transcription inhibition occurs through non-specific polymerisation/ aggregation of M1 onto RNP, or
of M1 onto M1 already bound to RNP, rather than by
binding to a specific active site on the nucleoprotein or
the polymerase. This suggests that this transcription
inhibition activity, long described in the literature as
one of the specific activities of matrix protein, does not
seem to be specific at all but a side effect of the natural tendency of the protein to both bind to the nucleocapsid and to self-polymerise. As far as we can judge,
the matrix protein is always isolated from virus or
from recombinant bacteria as this two-domain molecule.

EM

X-ray

Figure 4. Electron microscopy of negatively stained sample of
the halophilic proteasome (Top). The image shows end and side
views of the same object. The scale bar represents 40 nm. The
bottom pictures show the 3D reconstruction by EM of the
halophilic proteasome at 20 A resolution and the X -ray
structure of the thermophilic proteasome (Lowe et al. 1995)
filtered to 20 A.

The matrix protein of Ebola virus, VP40, is produced
as a single domain, soluble protein that, upon destabilisation or upon contact with negatively charged
membranes, opens up into two domains. After this
change VP40 forms oligomeric rings (2000 reports
from Ruigrok and Weissenhorn) and it can bind to
membranes. It has not yet been tested whether it can
also bind to nucleocapsids. Interestingly, the membrane binding activity of VP40 resides in its C-terminal domain whereas that of influenza virus matrix
protein is in the N-terminal domain and for the NC
binding activities it is the other way around (see Figure
2). This suggests that the two structures must indeed
perform similar tasks but are by no means homologous, as was already suggested by their atomic structures (see 2000 reports by Weissenhorn).

Structure of a heat- and proteasestable part of the bacteriophage
T4 short tail fibre
Schoehn in collaboration with Mark van
Raaij (University of Leiden, Netherlands)
Irreversible binding of T-even bacteriophages to E.
coli is mediated by six long and six short tail fibres.
After at least three long tail fibres have bound, short
tail fibres extend and bind irreversibly to the core
region of the host celllipo-polysaccharide, serving as
inextensible stays during penetration of the cell envelope by the tail tube. The exceptionally stable short tail
fibres consist of a parallel, in-register trimer of gene
product 12 (gp12). The N-terminal region of gp12 is
important for phage attachment, the central region
forms a long shaft and a C-terminal globular region is
implicated in binding to the bacterial lipopolysaccharide core. When gp12 was treated with stoichiometric amounts of trypsin or chymotrypsin at 37°C, an
N-terminally shortened fragment of 52 kDa resulted.
When the protein was incubated at 56°C before trypsin
treatment at 37°C, we obtained a stable trimeric fragment of 3 x 33 kDa lacking residues from both the Nand C-termini. Apparently, the protein unfolds partially at 56°C, thereby exposing protease-sensitive
sites in the C-terminal region and extra sites in the Nterminal region. Negative staining was used to obtain
low-resolution average views for the three different
fibres and also a view of a partially dissolved crystal
showing the molecular packing (Figure 3a). Well-diffracting crystals of this fragment could be grown. The
1.9 A crystal structure of the heat- and protease-stable
fragment of gp12 was solved by MIR while an envelope derived from the EM model helped with refining
the phases. The crystal contains residues 85-396 plus,
surprisingly, the C-terminal residues 518-527 that form
a domain together with residues 334-396. However,
even though residues 85-245 are present in the crystal
and are visible in the digested EM map, they do not
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show interpretable crystallographic electron density
(Figure 3b). The crystal structure reveals three new
folds: a central right-handed triple beta-helix (290327), a globular C-terminal domain containing a betasandwich (334-396 and 518-527) and an N-terminal
beta-structure reminiscent of but different from the
adenovirus triple beta-spiral (246-282). The centre of
the C-terminal domain shows weak homology to gp11,
a trimeric protein connecting the short fibre to the
base-plate, suggesting that the trimerisation motifs
of gp11 and gp12 are similar. Repeating sequence
motifs suggest that the N-terminal beta-structure
extends further towards the N-terminus and is conserved in the long tail fibre proteins gp34 and gp37.

Structure and function of two
large protein cOInplexes froIn the
halophylic archean Haloarcula
marismortui
(Schoehn and Ruigrok, in collaboration
with Bruno Franzetti and Guiseppe Zaccai,
IBS, Grenoble)
The last part of this report concerns a collaboration
with a group at the IBS where we have given long
term support in electron microscopy (EM) in a project
that does not concern viruses. Extreme halophylic
bacteria can undergo swift environmental salt changes
when they get caught in a puddle that dries up but also
when the water in a puddle is suddenly diluted
because of rainfall. The proteins inside these bacteria
are adapted to high salt concentrations and sudden salt
changes will have an effect on their stability. The biological project was to study the induction of chaperones upon salt changes. During the purification
process of potential chaperone complexes, we observed
a variety of large protein complexes that were subsequently purified using EM and PAGE as the tools to
1

identify which fractions contained the complexes of
interest.
One of the complexes that were isolated, containing a
single protein component P45, had indeed chaperone
plus ATPase activities. It had no significant homology
to any other known protein. It forms ring-shape
oligomeric complexes of about 10 subunits but the
rings were not regular enough to do an EM reconstruction. P45 protects halophylic proteins against
denaturation when the salt concentration is lowered
and accumulates inside living cells when they are
exposed to low salt.
The second complex that was isolated was not a chaperone but a 20S proteasome, comprising two subunits
a and p. The 3D reconstruction of the H. marismortui
proteasome from negatively stained electron micrographs is virtually identical to the atomic structure of
a thermophilic proteasome filtered to the same resolution (Figure 4). The stability of the proteasome was
found to be not as salt-dependent as the other
halophilic enzymes previously described. The proteolytic activity of the proteasome was studied using
malate dehydrogenase from H. marismortui as a model
substrate. This enzyme denatures when the salt concentration is decreased below 2M. Under these conditions, the proteasome efficiently cleaves the enzyme
upon its denaturation. These experiments show that,
in vitro, the 20S proteasome from halophilic archaea
eliminates a misfolded protein under low salt conditions.
The third complex that was isolated was a self-compartmentalising aminopeptidase. Several of these
complexes have been described from other organisms
but they all have a ring or barrel shape. This new complex seems to have a new type of architecture and its
full characterisation is in progress.
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Arzt, S., Baudin, F., Barge, A., Timmins, P.,
Burmeister, W.P.& Ruigrok, R.W.H. (2001).
Combined results from solution studies on
intact influenza virus M1 protein and from a
new crystal form of its N-terminal domain
show that M1 is an elongated monomer.
Virology, 279, 439-446
Baudin, F., Petit, 1. & Ruigrok, R.W.H. (2001).
Structure of the RNA inside influenza virus
RNPs. Elseviers International Congress Series,
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Baudin, F., Ebel, C., Morand, P., Seigneurin,
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Functional determinants of the Epstein-Barr
virus protease. J. Mol. BioI., 311, 217-228
Dessen, A., Ruigrok, R.W.H., Schoehn, G.,
Volchkov, V., Dolnik, 0., Klenk, H.-D. &
Weissenhorn, W. (2001). Structure and function of Ebola virus VP40. Infect. Dis. Rev., 3, 3445
Durmort,C., Stehlin, C., Schoehn, G., Mitraki,
A., Drouet, E., Cusack, S. & Burmeister, W.P.
(2001). Structure of the fiber head of Ad3, a
non-CAR-binding serotype of adenovirus.
Virology, 285, 302-312
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of the 1H, 15N and 13C resonances of the nucleocapsid-binding domain of the Sendai virus phosphoprotein. J. BiornoI. NMR, 21, 75-76
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Thouvenin, E., Schoehn j G., Rey, F., Petitpas, I.,
Mathieu, M., Vaney, M.C., Cohen, J., Kohli, E.,
Pothier, P.& Hewat, E. (2001). Antibody inhibition
of the transcriptase activity of the rotavirus DLP: a
structural view. J. Mol. Bio!., 307, 161-172
van Raaij, M.J., Schoehn, G., Burda, M.R. & Miller,
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J. Mol. Biol., 314, 1137-1146
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Thompson Team

The Grenoble
Instrumentation
Group

Team Leader: Andrew Thompson
Staff Scientist: Raimond Ravelli
Technicians: Jean-Sebastien Aksoy, David
Annequin, Jean-Marie Bois, Hugo
Casseroto, Florent Cipriani, Fran<;ois
Dauvergne, Franck Felisaz, Elisabeth
Homan, Franck Lapeyre, Bernard Lavault,
Lionel Mallet

The Instrumentation group in Grenoble work in collaboration with the two neighbouring large scale facilities, forming the backbone of the Joint Structural
Biology Group (JSBG) along with the ESRF, and contributing to the work of the ILL. In addition, the group
provides some scientific and technical support for the
UK/Spanish CRG beamline BM14 at the ESRF.

BM14
(H. Belrhali, EMBL; F. Fihman and M.
Walsh, Beamline responsible, UK)
A 5-year programme to operate and manage a UK
Collaborative Research Group (CRG) for the beamline 14 (BM14) of the ESRF has been recently funded by
the UK Research Councils (MRC, BBSRC, EPSRC) in
collaboration with the EMBL Grenoble Outstation.
The initiative is being run as a joint UK/Spanish CRG
beamline; hence all beam time is shared equally
between the two partners until 1st January 2003 when
it will be transferred to UK management.
EMBL's commitment to the collaboration with the
MRC involves the appointment of a beamline scientist
who is directly involved in the running and future
developments at the beamline. Technical assistance
is also provided from EMBL (no more than 5-10% of
any person's time averaged over one calendar year)
and well as general assistance for keeping the beamline sample preparation laboratory stocked and kept
in a safe and clean condition. In return, 20 % of the UK
CRG beam time is made available to EMBL member
state groups.
The BM14 beamline supplies a rapidly tunable source
of X-rays for macromolecule structure determination
using the Multiwavelength Anomalous Diffraction
(MAD) method. Proposals for beam time can however, be made both for monochromatic and multi-wavelength experiments through a web based interface.
The intention is to provide a rapid and flexible
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response for the user community (6 weeks delay in
average between the request and the experiment day).
Successful EMBL member states applicants can be
reimbursed for travel and subsistence through an EU
Access to Research Infrastructures grant.
Besides offering beam time to the user community,
we have started to upgrade various components of the
beamline (beamstop, slit box, fast shutter, fluorescent
detector,) as well as providing a number of new computers for online data processing and structure solution.
We have also investigated the X-ray beam characteristics (profile, intensity) in order to increase the performance of the beamline. Our future goals are:
i) automation of data collection procedures. This
includes automation of crystal mounting, alignment and centering of crystals, automatic edge
scans and selection of appropriate energies for a
MAD experiment. This will allow the automation
of monochromatic and multiwavelength data collection experiments.
ii) Improvement of beamline optics to provide a higher flux density at the crystal sample position.
A list of the UK - EMBL Users for the second half of
year 2001 is given below in Table 1.

ESRF Beallliine ID14-EH4
(F. Cipriani and R. Ravelli, EMBL; P.
Theveneau, M. Lentini, T. Mairs, J. Surr, E.
Mitchell, G. Leonard and S. McSweeney,
ESRF)
14-4 is one of the four end stations of the QUADRIGA
beamline ID14 at all absorption edges between W
Liii and Br K. The beam flux is maximal at the Se K
absorption edge, which is by far the most widely used
edge for phasing of new protein structures.
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The beamline combines very high beam intensity with
excellent collimation, fast detector readout and good
sample visualization. These factors have given 14-4 a
prominent reputation for X-ray diffraction studies on
the ribosome (Wimberly et al., 2000; Carter et al., 2000;
Carter et al., 2001; Brodersen et al., 2000; Pioletti et al.,
2001; Ogle et al., 2001; Harms et al., 2001).
Improvements made in 2001 were focused on three
aspects - sample environment, monochromator and
absorption edge scanning. Inspired by the micro-diffractometer (see Cipriani, below), the visualization
and motorisation of the sample environment have
been significantly improved. Several major modifications to the monochromator (protection of moving
parts against Compton scattering and improvements
to movements involved in beam optimization) have
been made allowing more stable thermal performance of the device. A "single button" absorption edge
scan option has been built into the data collection program ProDC for the most widely used absorption
edges, giving users a higher degree of independence
on the beamline,
Beamline related in-house research is focused on two
aspects. Firstly,the detection of small anomalous signals (for example in collaboration with Knossow, Gif
-sur-Yvette), data was collected which allowed the
determination of the heavy atom sites and initial phase
information from a large complex which contained
only 4 Se atoms in 220 KDa). Secondly (in collaboration
with S. McSweeney, ESRF; E. Garman, Oxford
University; M. Weik, IBS Grenoble; and M. Caffrey,
Ohio), systematic studies on radiation damage are
being done. The purpose is to understand and possibly mitigate or exploit the consequences of radiation
damage. The outcome of these studies is directly fed
back to users in terms of advice on the best strategies
for data collection.
L

.

.

.

.

Figure 1. Overview of the complete 3-dimensional structure of the small ribosomal subunit from Thermus thermophilus at 3A
resolution as determined by x-ray crystallography. Data collected on ID14-EH4 were used for the high-resolution structure as well as in
complex with the antibiotics streptomycin, spectinomycin and paromycin, and the initiation factor IF1.
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The structure was determined to 2.5 A resolution via
MAD phasing from 22 Fe atoms (molecular weight of
the protein was 170 KDa) and refined to 1.6 A resolution with data collected on a neighboring ESRF beamline (IDI4 EH2).
The beamline is equipped with a large area (Q210)
CCD detector furnished by ADSC, which was installed
on the beamline in August, and a high count rate system for measuring the fluorescent signal from protein crystals as a pre-requisite for MAD measurements. A drift region Si photodiode has been installed
on the beamline which permits count rates of up to 500
KHz while still retaining high energy resolution. This
has in turn made it possible to have a much simplified
approach to automating absorption edge scanning,
and this facility has now been included in the data collection program ProDC.
A piezo-electric shuttering system has greatly
improved the quality of data collected with short X-ray
exposure times. This device, based on two pairs of
piezo electric actuators acting in opposition, is capable of opening and closing in 2 ms and operates with
very high reproducibility.

Autoll1atic sall1ple changer
Figure 2. Ribbon diagram showing the fold of the protein Fdh-N courtesy of Prof. S. Iwata (Imperial College).

ESRF Beall1line ID29
(F. Felisaz, F. Lapeyre, F. Cipriani, J-S.
Aksoy and A. Thompson, EMBL; B.
Shepard, A. Beteva, S. Laboure and T.
Mairs, ESRF)
ESRF beamline ID29 for MAD protein crystallography has been developed as a collaborative effort

between the Instrumentation group team and the
ESRF, and was officially opened for external users in
January 2001. A number of structures have now been
solved on the beamline, one example of which is the
structure of formate-dehydrogenase-N from E. Coli
(solved by the group of So Iwata, Imperial College,
London). This membrane protein catalyses the reduction of menaquinone by formate, which is itself a
major electron donor in nitrate respiration in E. Coli.

(J-S. Aksoy, H. Casseroto, F. Cipriani, F.
Felisaz, F. Lapeyre and A. Thompson,
EMBL; R. Steinman, ESRF)
One of the rate limiting steps in collecting crystallographic data at a synchrotron is the speed with which
crystals can be mounted on the goniostat. Sample
changes are necessary when swapping between one
project and the next, but also when screening for the
highest quality crystal. It would not be unusual for a
group to mount 30 crystals on the diffractometer in one
24 hour period. Each one takes 5 -10 minutes to mount,
center, search the hutch, collect images at zero and 90
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Figure 4. General view of the experimental area of

ID14/EH3 (not showing the sample changer),

Figure 3. The sample changer modified with its transfer robot
and electronics being tested in the laboratory.

degrees and index the resulting diffraction patterns.
The process of transferring a frozen crystal to the
beam is also "unreliable" to the extent that it depends
on human intervention, and sometime crystals are
lost or damaged during transfer. A robotised sample
changing system is thus necessary for increasing the
throughput of data collection, ensuring that crystals are
changed without human error, and ensuring that only
the best crystals are used for eventual data collection.
An additional advantage of such a system is that data-

base techniques can keep a record of how every crystal was treated, behaved in the X-ray beam etc., simplifying and eliminating errors in book-keeping and
note-taking. Having access to database tools which
can consult the information thus recorded about crystals (linked to information about expression, purification and crystallization) could make it easier to spot
trends in data quality with respect to the way a crystal has been produced. Such a data base is under con- - - - - - - - - - - - - 21 0

struction in the EMBL / ESRF JSBG and is described
below (Homan).
Beamline tests of the prototype are encouraging, the
samples being transferred several times without any
visible temperature problem and the transfers do not
affect the diffraction patterns. Some minor icing occurs,
seemingly randomly, after several transfers. Despite
many test measurements, this phenomenon is not
wholly understood. This icing has no meaningful
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Figure 5. The VIVALDI Instrument installed on neutron guide
H22 at the ILL.

Figure 6. This figure shows a graphical representation of the structure of the application, and how PXWEB controls access to different
sources of data in order to present them to the user.

effect on the data quality, but it is nonetheless important to understand the origin of the phenomenon to
guarantee it remains negligible under all beamline
working conditions.

than Is. Our efforts are currently following in two
directions: firstly to understand and reduce to a minimum the icing, and secondly to evaluate a "semiwet" solution that should totally eliminate the icing
(probably at the cost of a much complicate design).

In the current design, 24 samples are stored in a Dewar
filled with cold nitrogen gas at a slightly positive pressure with respect to atmospheric, and transferred in a
totally dry environment. Sample transfer time is less

In the semi-wet system, the Dewar is filled with liquid
nitrogen, and the transfer arm is slightly modified to
transfer the sample/vial as much as possible verti-
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cally (to rotate it just before the goniometer position).
The sample is then "washed" in liquid nitrogen after
each transfer. A "single-sample" Dewar has been constructed to validate this process enabling 15 sample
transfers with no icing compared with 3 - 5 times
with the completely dry changer. The choice for the
final design will be decided after a complete evaluation of the dry and semi-wet systems.
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Aut0111ation of bea111line

ID14/EH3

(J-S. Aksoy, H. Casseroto, F. Cipriani,
F.Felisaz, B. Lavault and A. Thompson,
EMBL; J-M. Chaize, T. Mairs, J. McCarthy,
O. Svensson and P. Theveneau, ESRF)
Beamline 1014 is subdivided into 4 separate endstations. One of these has been designated the target for
a pilot "high throughput data collection facility". The
beamline is being partially reconstructed whilst introducing a very high level of diagnostic information
and database logging techniques that have previously been developed for the control of the ESRF storage
ring. In this way it is hoped to give a much higher level
of automation to routine tasks such as beamline alignment, calibration and data collection. Staff at the EMBL
are particularly involved in defining the experimental
area of EH3. In particular, the beamline will be furnished with an automatic sample changer, micro-diffractometer and slit system similar to that developed
for beamline 1029.

A 111icrodiffracto111eter for

ID14/EH3

The Microdiffractometer developed for the ID13 microfocus beamline has been tested on standard PX crystallography beamlines (ID14 EHl, EH2 and EH4). This
evaluation has confirmed that the instrument is efficient even for non-microscopic crystals, and gives
high quality data. A modified version is being developed, compatible with the latest generations of large
x-ray detectors and with MAD experiments. To satisfy several external demands, we are also currently
working on the transfer of the Microdiffractometer
technology to a private company. The MKII model
will be commercially available next year.

L

Currently, the diffractometer can operate in an automatic mode only after the crystal has been correctly
centred by a semi-automated procedure involving
manual identification of the crystal position on a screen
with a cursor. A collaboration between EMBL, ESRF
and the INRA has been set up to develop an automated crystal detection algorithm, so that crystals
frozen in cryo-Ioops can be automatically located and
centred on the beam position.
A Microdiffractometer MKII will be installed next
year on ID14-EH3. The automated crystal alignment
will be integrated as soon as it is available.

ment, data logging, statistical analysis of beamtime
usage and preliminary data processing from a web
browser. Beamline users can log into the system using
their own password, and immediately have access to
a MySQL database of information about the data collection parameters from their current or previous data
collections (date, experimental conditions, beam conditions), where data was stored and processed, and a
series of "thumbnail" JPEG images of the data collected which can be downloaded and examined.

Ther111al LADI - A technology
transfer to develop a neutron
I111age Plate diffracto111eter for
111aterial science
(F. Cipriani)
Thermal LADI (VIVALDI) is now installed at the ILL.
The first diffraction patterns recorded in December
demonstrate clearly the qualities of the instrument
and the potential of the image plate detectors for neutron diffraction experiments. Considering these results,
the ILL has decided to finance the upgrade of LADI to
the VIVALDI technology. (LADI is the first neutron
image plate detector developed at EMBL 5 years ago
for protein crystallography).

PXWEB
(E. Homan, EMBL; D. Spruce, O. Svensson
and S. Delangeniere, ESRF)
The PXWEB project is designed to provide a web
based interface between beamline user and experiment, allowing limited interaction with the experi--------------------------
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Table 1. Visitors to eRG Beamline BM14 in 2001

Date

User

Wednesday, 6 June

Naismith

Friday, 15 June

Zeth

6

Uniform fill200mA

Wednesday, 27 June

Djordjevic

6

Hybrid mode 200 mA

18

Uniform fill200mA

Friday, 29 June

Oubridge

6

Hybrid mode 200 mA

Tuesday, 3 July

Schofield

9

16 bunch 90 mA

Wednesday, 11 July

Zeth

6

16 bunch 90 mA

Sunday, 15 July

Mancini

3

16 bunch 90 mA

Monday, 16 July

Harlos

3

16 bunch 90 mA

Monday, 3 September

Van Beeumen

3

2 x 1/3 Filling 200mA

Wednesday, 5 September

Blundell

3

2 x 1/3 Filling 200mA

Thursday, 6 September

Mowat

3

2 x 1/3 Filling 200mA

Friday, 7 September

Basak

6

2 x 1/3 Filling 200mA

Wednesday, 12 September

Hunter

3

2 x 1/3 Filling 200mA

Friday, 28 September

Sharma

3

2 x 1/3 Filling 200mA

Saturday, 29 September

Zeth

3

2 x 1/3 Filling 200mA

Sunday, 30 September

Barford

3

2 x 1/3 Filling 200mA

Monday, 1 October

Merckel

3

2 x 1/3 Filling 200mA

Saturday, 6 October

Acharya

3

2 x 1/3 Filling 200mA

Monday, 8 October

Brown

3

2 x 1/3 Filling 200mA

Wednesday, 26 September

Endicott

6

2 x 1/3 Filling 200mA

Monday, 19 November

Greenblatt

3

Uniform fill 200mA

Wednesday, 21 November

Tucker

2

Hybrid mode 200 mA

Thursday, 22 November

Merckel

2

Hybrid mode 200 mA

Friday, 23 November

Lawson

3

Hybrid mode 200 mA

Saturday, 24 November

Bolognesi
Rao

3

Hybrid mode 200 mA

3

Hybrid mode 200 mA

Sunday, 25 November

Total
EMBL supported users in italics
BM14 UK-EMBL User List 2001-11

L.-

N shifts
MODE
(8 hours/unit)

26

115 (28)

Publications during the year
Dreveny, 1., Gruber, K., GHeder, A., Thompson,
A.W. & Kratky, C. (2001). The hydroxynitrile
lyase from almond: a lyase that looks like an
oxidoreductase. Structure, 9, 803-815
Thomazeau, K., Curien, G., Thompson, A.,
Dumas, R. & Biou, V. (2001). MAD on threonine
synthase: the phasing power of oxidized
selenomethionine. Acta Crystal!., D57, 13371340
Thompson, A.W. (2001). The design of X-ray
beamlines for measuring small anomalous signals. In "Methods in Macromolecular
Crystallography", Turk, D. & Johnson, L. (Eds.),
lOS Press, pp. 26-42
Weik, M., Ravelli, R.B.G., Silman, I.I Sussman,
J.L., Gros, P. & Kroon, J. (2001). Specific protein
dynamics near the solvent glass transition
assayed by radiation damage changes. Protein
Science, 10, 1953-1961
Wilkinson, C., McKintyre, G.}., Cowan, J.A.,
Cipriani, F. & Myles,D.A.A. (2001). VIVALDI
- A diffractometer for all seasons. In
"Proceedings of the ILL Millenium Symposium
and European User Meeting", (6-7 April, 2001),
pp.298-299

Other references
Brodersen, D.E., Clemons WM, J.r, Carter, A.P.,
Morgan-Warren, R.J., WimberlYI B.T. &
Ramakrishnan, V. (2000). The structural basis
for the action of the antibiotics tetracycline,
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pactamycin, and hygromycin B on the 305 ribosomal subunit. Cell, 103, 1143-1154
Carter, A.P./ Clemons WM/ J.r, Brodersen, D.E.,
Morgan-Warren, R.J., Hartsch, T., Wimberly,
B.T. & Ramakrishnan, V. (2001). Crystal structure of an initiation factor bound to the 30S
ribosomal subunit. Science, 291, 498-501
Carter, A.P./ Clemons/ W.M., Brodersen, D.E./
Morgan-Warren/ R.J., Wimberly/ B.T. &
Ramakrishnan, V. (2000). Functional insights
from the structure of the 30S ribosomal subunit
and its interactions with antibiotics. Nature,
407/ 340-348
Harms, J., Schluenzen, F., Zarivach/ R., Bashan,
A., Gat, S., Agmon, I., Bartels, H., Franceschi,
F. & Yonath, A. (2001). High resolution structure
of the large ribosomal subunit from a
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Weissenhorn Group

Molecular basis of
protein mediated
membrane
reorganization

Our group is interested in the structural basis of protein-mediated membrane re-organizations and in the
regulation of these processes" which we study in two
different systems: viral infection and neuronal signaling. The aim of our research is to obtain insight
into the structural and functional role of proteins and
complexes that interact with membranes during virus
assembly" vesicle transport" and fusion" as well as into
the construction of inhibitory synapses" which will
help in understanding these complex molecular mechanisms. Our continuing studies of viral proteins from
pathogenic viruses and their interaction with cellular
proteins will contribute to the understanding of virus
structures and may ultimately lead to new ways of controlling viral infections.

Virus asseInbly
Group Leader: Winfried Weissenhorn
Postdoctoral fellows: Andreas Bracher"
Maria SolaVilarrubias
PhD students: Vassiliy Bavro" Joanna
Timmins
Technician: Stephanie Giraud*" Sandra
Scianimanico
Visitors: Xavier Gomis-Riith" Jan Kadlec"
Christine Kohlhaas

* indicates part of year only
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(Joanna Timmins, Sandra Scianimanico,
Christine Kohlhaas, Xavier Gomis-Rueth)
Most genomes from enveloped viruses encode a matrix
protein" which interacts with cellular membranes in
order to mediate assembly and budding of viral particles. Generally" the assembly process is driven by
the targeting of the matrix protein to the lipid bilayer
and involves interactions with the cytoplasmic tails of
the viral glycoproteins as well as the nucleoprotein"
which packages the viral genetic material. More recently" evidence has accumulated showing that enveloped
viruses" including HIV and Ebola" utilize host cellular
machineries to render assembly and budding efficient. Molecules that have been identified to playa regulatory role in virus budding are commonly involved
in cellular processes such as the formation of multivesicular bodies" a process" which morphologically
resembles virus budding.
We have continued our work on the structure and
function of the Ebola virus matrix protein VP40. VP40
is the most abundant protein in Ebola virus particles"

--.-----------------------------------------------.---------------------.-------

and is positioned beneath the viral bilayer to ensure the
structural integrity of the particle. We have previously shown that VP40 forms a monomer in solution consisting of two loosely associated
domains.
Deletion constructs have shown that the C-terminal
domain mediates membrane association in vitro as
well as in vivo. 50 far" we could demonstrate that in
vitro oligomerization can be induced by destabilization
of the monomeric form of VP40 as well as by liposome binding. This results in the formation of ring-like
structures" as seen by EM analysis.
In the past year we have solved the crystal structure of
these rings from two different crystal forms. A proteolytic fragment containing residues 55 to 194 was
crystallized in space group P422" while the originally
identified trypsin-resistant fragment containing
residues 31 to 212 was crystallized in space group
P6222. The structure was initially solved from the
tetragonal space group using platinum derivatized
crystals and data collected on a rotating anode" as
well as E5RF beam lines BM14 and ID14-EH1. The
model was refined using data to 1.8 A resolution. The
ring-like structure crystallized in P422 with one
monomer per asymmetric unit and forms an octamer
in the crystal. There" two molecules constitute an antiparallel dimer" which then generates an octameric
ring (Figure 1). The structure shows considerable flexibility compared to the N-terminal domain of the
structure of VP40(31-326) with an overall rms of 2.8 A
and a 1.3 A rms in the
alone. This internal
flexibility may be important for the assembly process.
The anti-parallel dimer was then used solve the structure of the P6222 space group by molecular replacement to 2.7 A" which contained two molecules per
asymmetric unit. The structures from the two space
groups are identical and in both cases the N- and C-terminal ends match. In the octameric structure the antiparallel dimer forms the same dimer interface as that
generated by the N- and C-terminal domains of the
closed monomeric conformation. Therefore" a molec-
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ular switch from the closed monomeric conformation
involves the movement/ or displacement of the C-terminal domain. This in turn then leads to changes on
the opposite site of the N-terminal domain/ which
allows further oligomerization. Interestingly, the
octameric structure also indicates that the N-terminal
region comprising residues 31 to 70, which forms an
extended coil and a short a helix in the monomeric
closed conformation, changes its conformation and
becomes disordered. The C-terminal ends that connect
to the loosely attached C-terminal membrane binding
domains (missing in the constructs) locate to the outside of the ring and may direct the missing domains
into either direction. We are currently analyzing
whether VP40 can form not only octamers in solution
but also hexamers, as previously anticipated. Although
we cannot exclude that the oligomerization of VP40
observed in vitro might be involved in processes other
than virus assembly, our current working model is
that VP40 is expressed as a monomer in infected cells
and then targeted to the plasma membrane, where a
molecular switch induces oligomerization. We are
now trying to identify these oligomeric VP40 building
blocks in Ebola viruses in collaboration with Viktor
Volchkov's group in Lyon/ who has the possibility of
analyzing Ebola viruses in a P4laboratory.

(B)

c

cc

Figure 1. Ribbon diagrams of Ebola VP40. The closed monomeric conformation (A) is metastable and can form oligomersloctamers (B) in
solution. Trypsinization at K 212 causes complete disengagement of the C-terminal domain from the N-terminus, and subsequent
oligomerization of the N-terminal domain which results in a ring-like structure. Note that the dimers in the octamer use the same interface
as is occupied by the N- and C-terminal domains in the monomeric conformation. The octamer structure positions the C-terminallinkers
that connect to the missing C-terminal membrane-binding domains at the outside of the ring-like structure and allows their flexible
linkage. Our in vitro data suggest that VP40 is expressed as a monomer and subsequent membrane targeting induces oligomerization
through N-terminal domains. The resulting ring-like structures may then constitute building blocks for virus assembly at the plasma
membrane, whereas the C-terminal domains (missing in the octamer structure) interact with the lipid bilayer.
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.

We have also shown in the past year that the oligomerization of the matrix protein is a common feature of
filoviruses, as Marburg virus VP40 (31 °10 sequence
similarity) show the same formation of ring-like structures in vitro, as detected by EM analysis. Further
studies to understand the filovirus assembly process
focus currently on the structural analysis of a filovirus
specific protein VP24 as well as the nucleoprotein.
These proteins are expressed in E. coli/ and studies to
define interaction sites with VP40 in order to obtain
complexes for crystallographic analyses are underway.
Recent experiments showed that expression of the
Ebola virus VP40 matrix proteins in 293T cells is suf-
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ficient to induce the release of virus-like particle. This
process is highly dependent on the presence of an
intact N-terminus of VP40. Ebola virus VP40 contains
a PPXY motif as well as a PTAP motif at its N-terminus.
PPXY motifs are possible ligands for WW domains
while PTAP motifs may involve binding of SH3
domains. Either of these two motifs is present in a
number of negative-stranded RNA viruses as well as
retroviruses including HIV. We have now shown that
VP40 interacts in vitro with human Nedd4, an ubiquitin
ligase E3 enzyme through its WW3 domain. In addition, VP40 can be ubiquitinylated in vitro by Rsp5, a
yeast homologue of Nedd4, as shown by others. Using
our deletion constructs, we determined that Nedd4
binds to the N-terminal PPXY motif of oligomeric
VP40. Recently TsgIOI, an E2 enzyme from an ubiquitination pathway, originally described as being
important for the formation of multi-vesicular bodies
has been implicated in retroviral budding by binding
to a PTAP motif. Expression of TsgIOI showed that it
also binds to Ebola VP40 and again, preferentially to
the oligomeric form. These in vitro data strongly indicate that (i) the oligomeric ring-like structures of VP40
are involved in assembly and (ii) Nedd4 as well as
TsgIOI may playa role at the assembly /budding steps.
Crystallization trials of complexes of oligomeric VP40
and Nedd4 as well as TsgIOI are being pursued.
Furthermore, we are trying to analyze whether negative dominant mutants of Nedd4 and TsgIOI may prevent the formation of VP40 containing virus-like particles in our cellular assay.

Neuronal signaling - regulatory
processes at pre- and
postsynaptic ll1ell1branes
Transport, docking and fusion of vesicles at specialized
membrane domains involves members of protein families common to all trafficking events such as SNAREs,
Secl, Rabs and NSF, as well as compartment specific
L

regulators. At a chemical synapse, vesicles docked at
the plasma membrane are ready to release neurotransmitters into the synaptic cleft upon Ca 2 + influx.
Neurotransmitters are then taken up by receptors,
which are clustered at specific postsynaptic plasma
membrane contact sites. The availability of such receptors at specific membrane micro-domains is controlled
by active transport and recycling processes, as well as
by clustering of molecules that tether the receptors
underneath the plasma membrane and provide a link
to the cytoskeleton and signal transduction pathways.

Role of Secl molecules in vesicle fusion
(Andreas Bracher)
SecI-like molecules have been implicated in all
eukaryotic vesicle transport processes, including neurotransmitter release by exocytosis. They regulate
vesicle transport by binding to a t-SNARE from the
syntaxin family. Members of the SNARE family play
a crucial role in the priming, docking and fusion of
synaptic vesicles with the plasma membrane. Prior
to fusion, v- and t-SNARE molecules positioned on
opposing membranes must be aligned in a parallel
fashion so as to bring membranes into close apposition,
a process that has been shown to drive membrane
fusion. SecI syntaxin Ia interaction has been shown to
prevent SNARE complex formation and keeps syntaxin in a closed conformation. Therefore Sec1 function
has been suggested as constituting a negative regulatory step in secretion.
We and others have shown recently that neuronal sSecI is a modular protein that folds into an archshaped three-domain assembly. Rat nSecI binds syntaxin as a four helical bundle like a clamp, with interactions mediated by domains 1 and 3. Comparison of
several crystal forms of unliganded neuronal squid
Secl indicated a hinge region between domains 1 and
2, which allows domain 1 to rotate along a central
217

axis. We suggested that this movement could release
syntaxin Ia upon interaction with a yet unspecified
SecI effector molecule(s).
Yeast SecI was also reported to bind to assembled
SNARE complexes, indicating that SecI may act as a
chaperone, which may be immediately available to
sequester syntaxin after recycling of SNARE complexes by NSF. To test that hypothesis, we assembled
functional squid neuronal SNARE complexes, including the N-terminal syntaxin-specific domain forming
an anti-parallel three-helical bundle. Our binding
studies, however, failed to detect squid nSecI /SNARE
complex formation in vitro. Co-crystallization trials
of nSecI with the N-terminal syntaxin Ia domain,
forming a three-helical bundle, did not result in any
crystals containing the complex. The only part, which
crystallized was the squid syntaxin Ia N-terminal
domain alone. The crystals diffracted X-rays to 3.3 A
resolution and the structure was solved by molecular
replacement. It forms a three-helical bundle, which
is indistinguishable from the mammalian structure,
while the linker region connecting to the SNARE motif
was mostly disordered.
During the year we also analyzed yeast Slylp in complex with its cognate t-SNARE Sed5p both of which are
active in ER to Golgi transport processes. There, it
had been shown that Slylp not only binds complete
syntaxin-like Sed5p but also just the N-terminal
domain of Sed5p (Sed5p-N), which indicates indirectly that Slylp may stay on the SNARE complex
during fusion. Our interest was to crystallize complexes between Slylp and complete Sed5p as well as
Sed5p-N. Both complexes can be assembled in vitro and
concentrated to amounts sufficient for crystallization
trials. However, no crystals could be obtained despite
extensive screening for potential conditions.
Competition experiments performed with full-length
Sed5p and Sed5p-N indicated that the C-terminally
truncated form, Sed5p-N, binds Slylp with similar
affinity as full-length Sed5p, which may also bind
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Slylp in a closed conformation, as shown for neuronal nSecl syntaxin la complexes. The data also indicates that it may be possible to decipher additional
Secl functions in different transport processes that
may be unique and/ or common to all family members,
and our work will continue in that direction.

Role of complexin in exocytosis
(Jan Kadlec, Andreas Bracher)
This year, we continued our research on the structure
of the SNARE core complex in association with complexin, which has been suggested to function as a negative regulator of exocytosis. Complexins control
SNARE assembly and membrane fusion specifically at
sites of neurotransmitter release by binding to SNARE
complexes, which are then thought to trigger membrane fusion in a calcium sensitive manner. Knockout

of both complexin genes in mice has been shown to
cause severe neurological disorders, thus underlining their essential function.
We are able to reconstitute a core SNARE complex
from four polypeptides expressed in E. coli, which is
then bound to either full-length or a minimal complexin construct. We succeeded in crystallizing both
complexes. The crystals from the SNARE/ complexin
complex containing a minimal complexin SNAREbinding construct (Figure 2) diffract X-rays to 2.8 A resolution using synchrotron radiation and belong to
space group P2 12121 . The structure solution from these
data is currently underway. The crystals containing
full-length complexin bound to the SNARE complex
are still small and their quality has to be improved to
collect usable data for its structure solution.

Gephyrin clusters glycine inhibitory
receptors at the post-synaptic membrane
(Maria Sola, Stephanie Giraud)
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 (Figure 3). 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 2. Crystals of a core SNARE complex in complex with
complexin, a negative regulator of neurotransmitter exocytosis
at chemical synapses. The crystals diffract X-rays to 2.8 A
resolution using synchrotron radiation.

Gephyrin is a multi-domain protein with a molecular
weight of 90 kDa, consisting of an N-terminal MogAlike domain, a middle domain and a MoeA-like part,
which itself consists of four separate domains. We
recently solved the structure of the N-terminal trimeric domain of gephyrin, which shows high similarity to

the E. coli protein MogA, implicated in molybdenum
cofactor biosynthesis. The structure shows the site for
MPT (molybdopterin) binding and indicates that the
trimerization may be important for its enzymatic activity. The region linking to the "middle" domain of
gephyrin is positioned in such a way that it suggests
continuous trimeric symmetry for the rest of the molecule (Figure 3).
Progress to obtain structural information of full-length
gephyrin with some of its ligands however has been
hampered by gephyrins' tendency to form aggregates.
Some of the protein expressed in E. coli can be rescued
from aggregation by forming complexes with a 50
amino acid polypeptide derived from the cytoplasmic loop region of the inhibitory GlyR subunit as
well as with PIN /LC8, which is part of the dynein
microtubule-associated motor protein complex. The
subunit loop and PIN can be both bound to gephyrin
simultaneously, although their tandem presence does
not improve the solubility of the complex. Both complexes of gephyrin with the subunit loop and with
PIN produce two peaks by gel filtration, one that indicates the presence of trimeric gephyrin and a second
peak containing a higher molecular weight complex of
gephyrin. Experiments to determine whether this corresponds to a dimer of trimers or a different conformation of gephyrin with an elongate shape are underway. Furthermore, we could show that gephyrin does
not form complexes in vitro with profilin, involved in
actin formation, as well as with GABARAP, both of
which have been directly implicated in gephyrin binding. Crystallization trials of gephyrin complexes with
the subunit loop as well as with PIN have been
ongoing during the year and are being further pursued.
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Figure 3. Schematic overview of receptor clustering at inhibitory postsynaptic membranes. Gephyrin binds directly to glycine receptors and is involved in GABA A receptor clustering. Its binding to tubulin
provides a link to the cytoskeleton. Gephyrin/s membrane targeting function has also been related to interactions with molecules regulating actin dynamics and downstream signaling such as Profilin and
Collybistin. In addition/ RAFTl a possible regulator of dendritic protein synthesis interacts with gephyrin. Receptor clustering seems to be regulated by active transport processes/ including recycling. There/
GABARAP plays an important role and involves tubulin interaction and NSF binding, and probably provides some indirect linkage to gephyrin. (A) Ribbon diagram of the N-terminal trimeric domain of
gephyrin, which is closely related to E. coli MogA implicated in Moco biosynthesis; secondary structure elements are labeled for one monomer. The positions of proposed active sites (MPT) are indicated by black
arrows. (B) Ribbon diagram of mammalian GABARAP, a vesicle trafficking regulator, which was suggested to bind to tubulin, NSF and the y2 loop of GABA A receptors. The core of GABARAP has an ubiquitinlike fold and, two the a-helices at the N-terminus have been implicated in tubulin binding.
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GABA A receptor associated protein,
GABARAP

Glutamate receptor domain from C.
elegans is a nematode drug target

(Vasilliy Bavro)

(Sandra Scianimanico)

The GABAA receptor-associated protein (GABARAP)
is a member of a growing family of intracellular membrane trafficking and/ or fusion proteins and has been
implicated in plasma membrane targeting and/ or
recycling of GABA A receptors (Figure 3). GABARAP
is localized on intracellular membranes such as the
trans-Golgi network, binds to the 12 subunit of GABAA
receptors and interacts with microtubules and the Nethylmaleimide-sensitive factor (NSF).

Ivermectin is a powerful, non-toxic, single dose nematocidal agent employed in the treatment of helmintic
infections in animals and humans, and it binds to the
extracellular domain of a pentameric glutamate gated
chloride channel. GluCI consists of three a and two
domains; however, homotypic pentameric GluCI-a2
receptors are also functional. We have expressed and
purified the extracellular domain of GluCI-a2, which
binds glutamate and ivermectin, as well as that of
Both domains expressed in E. coli contain
secondary structure as judged by CD. Gel filtration
chromatography suggests that the extracellular
domains of both GluCI-a2 and form oligomers/pentamers in solution at low concentration and tend to
aggregate upon an increase in protein concentration.
In the past year, our collaborators at Merck have provided us with five hybridoma cell lines producing
monoclonal antibodies directed against the GluCl-a2
domain. We have shown that these antibodies recognize two different epitopes on GluCl-a2. The generation of Fab fragments is currently underway and we
expect that complex formation can be now used to
solubilize GluCI-a2, rendering it amenable for crystallization in complex with glutamate and/ or ivermectin.

During the past year, we have solved the crystal structure of mammalian GABARAP at 2.0 A resolution.
GABARAP consists of a N-terminal basic helical
region, which has been implicated in tubulin binding, and a core structure with a conserved ubiquitinlike fold (Figure 3). Consistent with the high extent of
sequence conservation among GABARAP homologues
from plants to mammals one face of the core structure
is absolutely conserved while the opposite face shows
considerable divergence. These features are in agreement with the conserved surface mediating proteinprotein interactions shared by all members of the family, whereas the non-conserved surface region may
play specific roles, such as docking to particular membrane receptors. We are currently testing its binding to
soluble
tubulin in order to obtain complexes suitable for crystallization. Another goal is to complex
GABARAP to NSF, which is already expressed as various fragments in the laboratory as well as the region
of the y2-loop from GABA A receptors, which have
been implicated in binding. However, our attempt to
bind the shortest sequence reported in the literature to
GABARAP was not successful and we are therefore
concentrating on the complete extracellular loop from
the y2 chain which comprises 90 amino acids and can
be expressed as a MBP fusionprotein.
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Apweiler Team

SWISS-PROT +
TrEMBL,InterPro
and related activities
in 2001
Team Leader: Rolf Apweiler
Scientists: Kirill Degtyarenko, Wolfgang
Fleischmann/ Henning Hermjakob/ Vivien
Junker*, Michele Magrane, Maria Jesus
Martin, Nicoletta Mitaritonna*/ Claire
O'Donovan/ Manuela Pruess*, Evgeny
Zdobnov
Database Curators: Kirsty Bates/ Margaret
Biswas/ Gillian Fraser, Catherine Gedman*,
Youla Karavidopoulou/ Minna Lehvaslaiho,
Virginie Mittard, Nicola Mulder/ Eleanor
Whitfield
Database Programmers: Daniel Barrell*,
Sergio Contrino, Michael Darsow*,
Alexander Kanapin, Paul Kersey/ Ernst
Kretschmann, John O'Rourke, Tom Ginn/
Isabelle Phan*, Lucia Rodriguez-Monge*/
Kai Runte/ Florence Servant/ Allyson
Williams/ Dan Wu*
Database Developer: David-William Binns*
Data assistant: Astrid Fleischmann*
PhD students: Evguenia Kriventseva,
Steffen Moller*
Administrative Assistant: Margaret ShoreNye
* indicates part of ear only

The main focus of this group is the production of the
SWISS-PROT + TrEMBL protein sequence database,
and of the Integrated resource of Protein families,
domains and functional sites (InterPro).

SWISS-PROT and TrEMBL
SWISS-PROT (Bairoch & Apweiler, 2000; Apweiler,
2001; http://www.ebi.ac.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.
SWISS-PROT release 40 (October 2001) contained
around 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 (Stosser et al., 2001) and that are not
in SWISS-PROT already. TrEMBL release 19 (December
2001) contained around 636000 sequence entries from
more than 40000 different species.

AutOlllation of annotation
Unlike SWISS-PROT entries" those in TrEMBL are
awaiting manual annotation. Rather than just represent
basic sequence and source information" we developed

'----------------------------------------------------------------------------------------------------------------------- 224

novel methods for the autornated large-scale functional annotation of proteins in TrEMBL (Fleischmann
et al., 1999; Kretschmann et al., 2001). One method"
the RuleBase methodology (Fleischmann et al." 1999),
selects proteins in SWISS-PROT belonging to the same
group of proteins as a given unannotated protein"
extracts the annotation shared by all functionally characterised proteins of this group" and assigns this common annotation to the unannotated protein.
To implement the RuleBase methodology three major
components are required. First of alt SWISS-PROT
serves as the source of highly reliable, well-annotated
and standardised annotation. Furthermore" a highly
diagnostic protein family signature database must
supply the means to assign proteins to groups. For this
purpose we initially used PROSITE (Hofmann et al.,
1999), but use now InterPro (Apweiler et al." 2000). This
allowed us to increase sensitivity and to enhance specificity (reduction of false-positives and false-negatives). The final component is a database (RuleBase)
that stores and manages the annotation rules, their
sources and their usage.
The current flow of information during the automatic annotation of TrEMBL proteins can be divided into
five steps:
1. Use InterPro to extract the information necessary
to assign proteins to groups ("conditions ") and
store the conditions in the RuleBase.
2. Group the proteins in SWISS-PROT by the conditions.
3. Extract from SWISS-PROT the common annotation shared by all functionally characterised proteins of each group and store this common annotation together with its conditions in the RuleBase.
Now every rule consists of conditions and the
annotation common to all proteins of this group
characterised by these conditions.
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4. Group the unannotated TrEMBL entries by the
conditions stored in the RuleBase.

tated human protein entries as long as researchers
produce new data.

morphisms (most of which are linked with disease
states).

5. Add the common annotation to the unannotated
TrEMBL entries. The predicted annotation will be
flagged with evidence tags, which will allow users
to recognize the predicted nature of the annotation
as well as the original source of the inferred annotation.

The HPI contains several sub-components: (a) annotation of all known human proteins; (b) annotation
of mammalian orthologs of human proteins; (c) annotation of all known human polymorphisms at the protein sequence level; (d) annotation of all known posttranslational modifications in human proteins; (e)
tight links to structural information; and (f) clustering
and classification of all known vertebrate proteins.
There are currently (December 2001) 7700 annotated
human sequences in SWISS-PROT. These entries are
associated with more than 20000 literature references;
19000 experimental or predicted post-translational
modifications, 1800 splice variants and 12000 poly-

We also aim to characterise all proteins in SWISSPROT + TrEMBL with GO terms (The Gene Ontology
Consortium, 2000). In the first stage of this project,
66997 GO assignments have been applied by a combination of electronic mappings and manual curation
to 16492 proteins of the non-redundant SWISSPROT /TrEMBL/EnsEMBL human protein data set
representing the human proteome. All human SWISSPROT /TrEMBL/EnsEMBL proteins with published
citations (other than those just reporting the sequencing) have now GO term assignments based on experimental evidence.

More recently we created the prototype of a rule generation system for protein annotation by applying the
C4.5 data-mining algorithm on SWISS-PROT
(Kretschmann et al., 2001).11 306 rules were generated, which are provided in a database and can be
applied to yet unannotated protein sequences and
viewed using a web browser. They rely on the taxonomy of the organism, in which the protein was found
and on InterPro signature matches of its sequence.
The statistical evaluation of the generated rules by
cross-validation suggests that by applying them on
arbitrary proteins 33% of their keyword annotation can
be generated with an error rate of 1.5%. The coverage
rate of the keyword annotation can be increased to
60% by tolerating a higher error rate of 5%.

o

InterPro StU
InterProS can:P33133

IPRD02039
Family

PRO0951

The HUl11an Proteol11ics Initiative
(HPI)
The EBI and the Swiss Institute of Bioinformatics (SIB)
have initiated a major effort to annotate, describe and
distribute to the scientific community highly curated
information concerning human protein sequences, the
Human
Proteomics
Initiative
(HPI;
http://www.ebi.ac. uk Iswissprot Ihpi Ihpi.html). The
HPI (O'Donovan et al., 2001) has two phases. The aim
of the first phase is to annotate the protein products of
all known human genes according to the quality standards of SWISS-PROT. The second phase is a longterm commitment to continue to release well-anno-
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InterPro
Signature databases have become vital tools for identifying distant relationships in novel sequences and
hence for inferring protein function. InterPro
(Apweiler et al., 2000) is an integrated documentation
resource for protein families, domains and functional
sites, which amalgamates the efforts of the PROSITE
(Hofmann et al., 1999), PRINTS (Attwood et al., 2000),
Pfam (Bateman et al., 2000), ProDom (Corpet et al.,
2000), SMART (Ponting et al., 1999), and TIGRFAM
(Haft et al., 2001) projects. Each InterPro entry includes
a functional description, annotation, literature references and links back to the relevant member database(s). Release 4.0 of InterPro consists of nearly 5000
entries, which describe different protein families,
domains, repeats and post-translational modifications.
Each entry (Figure 1) 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. This view
includes the hits by all 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.

InterPro Entry IPROO0402

Na+,K+ ATPase beta subunit
Database

InterPro

Accession

IPR000402; Na_K_beta (matches 71 proteins)

Name

Na+,K+ ATPase beta subunit

Type

Dates

08-0CT-1999 (created)
12-MAR-2001 (last modified)

Signatur&s PS00390; ,A,TPASE_NAJ<_BETA_'1 (49 proteins)
PS00391; ATPASEJ\lA_K_BETA_2 (42 proteins)
PF00287; Na_K-ATPase (71 proteins)

Process_O potassium transport (GO:OOClf3813)

---

sodium transport (Go:orIlJEi814)

Function

sodium/potassium-exchanging ATPase (GO:0005391)

cr-

o

Component membrane (GOTIITI602m

.Abstract

The sodium pump (Na +,K+ ATPase), located in the plasma membrane of all anirnal cells [1]. is an heterotrimer of a catalytic subunit
(alpha chain), a glycoprotein subunit of about 34 Kd (beta chain) and a small hydrophobic protein of about 6 Kd. The beta subunit
seems [2] to regulate, through the assembly of alpha/beta heterodimers the number of sodium pumps transported to the plasma
membrane. Structurally the beta subunit is composed of a charged cytoplasmic domain of about 35 residues followed by a
transmembrane region, and a large extracellular domain that contains three disulfide bonds and glycosylation sites. This structure is
schematically represented in the figure below.
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• P05026 ATNB HUMAN: beta-1 isoform
• P144 '15 ATNC-HUMAN: beta-2 isoform
• P5'1 H34 ATHB-HUMAN: Gastric (K+, H+) ATPase (proton pump) responsible for acid production in the stomach consist of
two subunits [3]
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The InterPro database is available via text or sequence
searches. The sequence search package, InterProScan
(Zdobnov et al., 2001) combines the search methods
from each of the databases into a single package and
provides an output with all results in a single format
(Figure 2). 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 annotahon
of the InterPro entries it hits.

CluSTr
The CluSTr (Clusters of SWISS-PROT + TrEMBL proteins) database (Kriventseva et al., 2001 a,b;
http://www.ebi.ac.uk/clustr) 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 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.

The ProteOl11e Analysis Database
The Proteome Analysis Database (Apweiler et aI., 2001;
http://www.ebi.ac.uk/proteome) aims to integrate
information from a variety of sources that together
will facilitate the classification of the proteins in complete proteome sets. The proteome sets are built from
the SWISS-PROT and TrEMBL databases that provide
the reliable well-annotated data necessary for the
analysis. Proteome analysis data is available for all the
completely sequenced organisms present in SWISSPROT + TrEMBL, and spans archaea, bacteria and
eukaryotes. It provides a perspective on domain structure and function, gene duplication and protein families in different genomes. In the proteome analysis
effort, the InterPro and CluSTr resources have been
used.
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Bioinformatician: Imre Vastrik*
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The Genome Annotation group had a watershed year
in 2000. The flagship project, Ensembl, was funded by
the Wellcome Trust to over 8 million UK pounds over
5 years. The Ensembl project is a joint project with
the Sanger Centre. This level of funding allowed us to
expand to 12 engineers on the EBI side (an additional
15 people are present on the Sanger Centre side) and
purchase one of the largest compute resources for
biology, 320 Compaq Alpha machines. Core EMBL
funds also support a number of positions in the
Ensembl project. The result of the investment was
clear in February 2001, when the initial analysis of
the draft genome was published in Nature
(International Human Genome Consortium, 2001). A
major part of this paper was developed by the Ensembl
group and in addition a number of supporting papers
in the genome issue of Nature were written by or supported by the Ensembl group (Birney et al., 2001).

these collaborations has been the use of Ensembl by
GlaxoWellcome in-house and the collaboration of the
genome map finishing effort, coordinated by Ensembl,
between the 7 major genome centres, including the
Sanger Centre and Genoscope in Europe. Currently we
have 10 additional groups collaborating with the main
Ensembl team on the day-to-day software development.
We are looking forward to another blockbuster year in
2001 as the mouse genome reaches fruition, and
Ensembl is applied to additional genomes such as the
Fruit Fly, Mosquito and the Puffer Fish.

To achieve these goals, the Ensembl project has had to
produce some impressive software and algorithm
development in tight time constraints. We remain the
only public group consistently publishing accurate
novel gene prediction across the draft human genome.
To achieve this, a portable and robust database system,
based around existing open source tools, was developed in house. This has now gained widespread
acceptance amongst academic and industry groups
for genome data storage. Ensembl was the first group
to provide comparisons of mouse whole genome shotgun data to the draft human sequence, using a new
algorithm, exonerate, developed by one of the EBI
group members, Guy Slater.
The Ensembl web site, www.ensembl.org is a leader in
disseminating this new found genome information
worldwide. We have in excess of 10,000 unique users
per week, from all around the world. All our data is
free to use, and we develop our software openly allowing any group to contribute. This open culture has
generated numerous collaborations, both from academic and commercial groups. Some highlights of
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Figure 1. The figure shows a homolog of the a mouse hnRNP protein on the human genome. The central line labeled /IDNA(contigs)" represents the human genome DNA sequence. The blocks on the lower line
are the predicted human gene orthologous to mouse protein. This gene is one of 10,000 or so human genes that were discovered by Ensembl.
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The Microarray Informatics Team was established in
May, 2000. The team works in three major directions:
1. establishing a public repository for array-based
gene expression data (ArrayExpress) and coordinating the development of international standards
for microarray data representation and annotation;
2. developing algorithms, methods and software tools
for gene expression data analysis and integration
with other genomics data;
3. application of bioinformatics methods to gene
expression and regulation analysis, and modelling and reverse engineering of gene regulatory
networks.
In addition to these three major R&D goals, the team
also actively participates in training and education
of microarray informatics, including organising courses. During 2001 the team grow from 4 to 13 staff and
students, most of which joined the team during the last
three months of the year. Consequently lots of time was
spent recruiting and training the new staff. A brief
introduction to biology for programmers joining the
team has been written and is posted at
www.ebi.ac.uk/ ,-..-brazma IBiointro Ibiology.html.

Microarray Data Standards and
Gene expression database
ArrayExpress
Coordinating the standardisation of
microarray data
The team is actively participating in the work of
Microarray Gene Expression Database group (MGED),
which was founded in a meeting organised by the

EBI in November 1999. The MGED steering committee
is coordinated by A. Brazma. The team organised or
actively participated in three international meetings on
microarray data standards (known as MGED meetings)
during 2000-2001, including MGED 3 in 2001 in
Stanford University.
The MGED group with active involvement of the team
has recently completed a set of recommendations: (1)
the minimum information about a microarray experiment MIAME 1.0, which has been recently published
in Nature Genetics (Brazma et al., 2001)
The final version of the microarray data exchange format and object model Microarray Gene Expression
Object Model (MAGE-OM) and Markup Language
(MAGE-ML) has been developed in collaboration with
Rosetta Informatics and submitted to the Object
Management Group (OMG) and is expected to be
adopted in January 2002.

ArrayExpress - a public repository for
gene expression data
A prototype version of ArrayExpress has been implemented in Oracle based on MAGE-OM model and is
popUlated by a Ironchip data from EMBL Heidelberg.
New datasets are under preparation for loading,
including ones from EMBL Heidelberg (yeast, mosquito), Sanger Centre (5. Pombe), and TIGR (mouse).
A web based data submission tool MIAMExpress has
been developed and is undergoing the beta-testing
phase. A simple web based data query interface has
been implemented.
New hardware for establishing an operational database has been ordered and we expect to launch
ArrayExpress as a repository during the first half of
2001.
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Developl11ent of gene expression
data analysis tools and l11ethods
We have developed a set of Internet tools called collectively Expression Profiler (Jaak Vilo) that allows
the users to perform the analysis and study the complex relationships in gene expression and other genomic data. Expression Profiler (ep.ebi.ac.uk) is a set of
client-server architecture based microarray and other
genomics data analysis and mining tools. The clientserver architecture allows users working on any hardware platform to use their standard WWW-browser for
accessing the tools, as well as facilitates the integration
of different data types during the analysis. Different
components of Expression Profiler allow users to
study, cluster and visualize the gene expression data;
connect the results of clustering to other web-based
tools; compare experimental protein-protein interaction lists with gene expression data; browse Gene
OntologyTM annotations, extract genes in each category and study their expression profiles; perform the
extraction of putative promoter sequences for the gene
clusters; perform pattern discovery on the sets of
extracted sequences; and visualize the patterns (motifs)
on these sequences. The main components of the
Expression Profiler are the following:
EPCLUST "Expression Profile data CLUSTering and
analysis", is a collection of clustering and visualization
methods for analysis of expression data. EPCLUST
contains implementations of standard hierarchical
and K-means clustering algorithms for many distance
(similarity) measures and data transformation and
normalisation methods. EPCLUST implements also
various similarity searches based on expression data
for individual genes as well as for gene clusters.
URLMAP is a general, configurable tool for mapping
HTML form contents (e.g. cluster contents from
EPCLUST) to other on-line analysis tools and databases (HTML forms). URLMAP allows for example

to link clusters of genes to various databases
(SwissProt, SGD, YPD, etc.) and tools (KEGG metabolic
pathway database query tool, RSA-tools, EPCLUST,
GENOMES, etc.)
GENOMES is a tool for retrieval of information about
sets of genes, linking genes to other databases, and
extraction of genomic sequences relative to the gene
start and end positions.
SPEXS, "Sequence Pattern Exhaustive Search", is a
pattern discovery tool allowing for rapid exhaustive
enumeration of all patterns occurring in sets of
sequences, and reporting the most frequent, or most
significant ones. SPEXS can be used for example for de
novo prediction of potential transcription factor binding motifs on DNA, or motif discovery from protein
sequences.
PATMATCH is a tool for visualization and exploration
of patterns and motifs on the DNA and protein
sequences. PATMATCH is integrated to EPCLUST
and GENOMES, thus it provides a useful method for
visualization of the transcription factor binding motifs
on the regulatory sequences of genes combined with
the respective expression profile clustering.
EP:PPI (Protein-Protein Interaction tool) integrates
experimental or predicted protein-protein interaction
data analysis with gene expression analysis in
EPCLUST.
EP:GO is a browser for controlled vocabularies produced by Gene OntologyTM annotation project
(www.geneontology.org)/ that allows to extract genes
associated to each Gene Ontology category and subsequently analyze the gene expression, regulatory
sequence, and protein-protein interaction data for
these genes.
The WWW-based architecture for all these tools allows
to make them publicly accessible for all academic, as
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well as industry-employed researchers without the
need to install several tools on their personal computers. Currently we are working on integrating
ArrayExpress database to Expression Profiler analysis
tools and vice versa. This opens more opportunities to
perform meaningful biological research by combining
in a simple manner many different data sources accessible through the Internet.

Data analysis and gene
regulatory networks
The main research focus of the team is to develop
methods for using gene expression data to reverse
engineer gene regulation networks. By a gene network we understand a directed labeled graph with
nodes representing genes and arcs representing relationships between these genes. The labels on the genes
are gene names, while labels on the arcs represent
nature of the interactions between genes. For instance
an arc may man that the first gene is a transcription factor which binds to the promoter of the second gene (a
physical network). Or, an arc may mean the observation/ that in the given data every time the expression
level of the first gene has been changed, the expression
level of the second gene has been changed too (gene
expression network).
The team works on developing methodologies for
reverse engineering of both physical and expression
networks. The first direction is based on an earlier
work by A. Brazma and J. Vilo of using gene expression
data to find signal in promoter regions of co-regulated genes. This work is now extended from s. Cerevisiae
to s. Pombe in collaboration with the Sanger Centre.
The work in the second direction is being done using
public yeast mutation data and two publications are in
preparation.
.......J
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Meetings and courses organised
•

•

•

Work on the programme committee and working
groups of 3rd MGED meeting, Stamford University,
March 28-31, over 250 participants.
EMBO practical course on Bioinformatics and
Analysis of Microarray Data, Hinxton, October 29
- November 3, 28 participants, 170 applications.
Workshops for Industry Support programme at
EBl: Microarrays and Data Mining, November 26

-28
•

MAGE programming Jamboree 2 , Hinxton, 28
November - 4 December

Publications during the year
Brazma, A. (2001). On the importance of standardisation in Life Sciences. Bioinformatics,
17, 113-114
Brazma, A., Hingamp, P., Quackenbush, J.,
Sherlock, G., Spellman, P., Stoeckert, C., Aach,
J., Ansorge, W., Ball, C.A., Causton, H.C.,
Gaasterland, T., Glenisson, P., Holstege, F.C.,
Kim, LF., Markowitz, V., Matese, J.C.,
Parkinson, H., Robinson, A., Sarkans, U.,
Schulze-Kremer, S., Stewart, J., Taylor, R., Vilo,
J. & Vingron, M. (2001). Minimum information about a microarray experiment (MIAME)toward standards for microarray data. Nat.
Genet., 29, 365-371
Brazma, A., Robinson, A. & Vilo, J. (2001). Gene
expression data mining and analysis. In "DNA
Microarrays: Gene Expression Applications",
Jordan, B. (ed.), Springer-Verlag, pp. 106-129
Moller, S., Vilo, J. & Croning, M.D.R. (2001).
Prediction of the coupling specificity of G protein coupled receptors to their G proteins.
15MB-2001 Bioinformatics, 17, 5174-5181
Vilo, J. & Kivinen, K. (2001). Regulatory
sequence analysis: application to interpretation of gene expression. European
Neuropsychopharmacology, 11, 399-411
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Henrick Team

The EBI
Structure Database

Team Leader: Kim Henrick
Database Developers: Harry Boutsalikis,
Dimitris Dimitropoulos, John Ionides, Peter
Keller, Richard Newman
Database Administrator: John Melford
Database Warehouse Integration: Phil McNeil
Data Curators: John Tate, Sameer Velankar
Software Developers: Pawel Gliwa, Adel
Golovin, Eugene Krissinel, Jorge Pineda,
Siamak Sobhany, Antonio
Suarez,
Mohammed Tagari, Swen Tromm, Wim
Vranken
Outreach Coordinator: Janet Roser

L-

.

The E-MSD (EBI-Macromolecular Structure Database,
http://msd.ebi.ac.uk, was set up in 1996 to give
Europe an autonomous facility to collect, organise
and make available data about macromolecular structures and to integrate better biological macromolecular co-ordinate data with the other databases already
at the EBI. Since then, the E-MSD group has been
working in three main areas:
•

Accepting and processing depositions to the
Protein Data Bank (PDB)

•

Transforming the PDB flat file archive to a relational database system

•

Developing services to search the PDB

Accepting and processing
depositions to the Protein Data
Bank (PDB)
One of the first projects at the E-MSD was to set up a
local copy of AutoDep, the PDB web deposition interface developed at BNL, in order to improve the ease of
deposition to the PDB for European groups. From
early 1998 the E-MSD essentially provided a mirror
which, at the end of the deposition process, forwarded the raw data files to BNL where they were compiled
into a PDB entry. During 1998 there were 2201 depositions to the PDB, 534 (24%) of which were routed
through EBI in this fashion. During 1999 AutoDep at
the E-MSD was upgraded so that by June 1999 the
raw files produced by AutoDep were processed to
complete PDB entries locally and the finished PDB
files forwarded to the RCSB (Berman et al., 2000) for
inclusion in the weekly public release. Since then 1148
of the 7149 new depositions to the PDB have been
processed by the E-MSD and integrated into the PDB
archive in this manner, and currently 20% of depositions are processed at the EBI. As soon as there is
-

more than one deposition site feeding in to the PDB it
becomes critical that mechanisms are put in place to
ensure that archive maintains its unity. This was a
particular concern for the PDB as the PDB file format
is not rigorously defined and easily lends itself to a
multiple interpretations. The model that the E-MSD
and the RCSB have adopted is to define the set of
mmCIF
(Bourne
et
al.,
1997
http://pdb.rutgers.edu Immcif I) data items that must
be present to define a PDB format entry. This so-called
exchange dictionary is maintained as an mmCIF dictionary extension and so defines the set of mmCIF
items that would be required to reconstruct a PDB
entry. PDB entries processed at the EBI are sent to the
RCSB in mmCIF format and the PDB format archive is
best considered as a view on the mmCIF format
archive. Any deposition interface that can supply these
items can therefore feed into the PDB, but there is no
restriction against a given interface collecting more
data or developing new annotation methods.
Macromolecular structures are the product of three
different, complex techniques:
•

X-ray crystallography

•

NMR spectroscopy

•

Cryo-electron microscopy.

Each of the three techniques requires specialised software and database support. To accommodate the different requirements of these techniques an upgraded
version of AutoDep was released in April 2001. The
new version, AutoDep 3.0, is considerably simplified;
it no longer requests information that can be derived
from the co-ordinates (e.g. secondary structure and
disulphide bonds) and the vast majority of the data
fields may be populated directly from uploaded CNS
and CCP4 harvest files. These modifications have
drastically reduced the time it takes to complete a
deposition; a deposition will typically take 45 minutes
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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.
E-MSD has been very active in the UK BBSRC-funded
CCPN project to develop a data model for NMR data
and co-ordinates an EU-funded project, IIMS, to integrate cryo-EM data into the PDB where possible and
to set up an archive equivalent to the PDB for cryo-EM
volume data.
Some of the new techniques utilised by AutoDep 3.0
and the subsequent processing are detailed below.
Many of these methods are also closely linked to the
development of the relational database version of the
PDB described in section 2 below.

Data Harvesting
Data Harvesting means that software used in structure
solu tion outputs to a deposition file details of the
method used and results obtained. For example, heavy
atom sites used in phasing. By the time the user is
ready to deposit the model co-ordinates, there should
be a collection of files holding details of how the model
was obtained. These files can be sent directly to the
deposition centre, thereby bypassing much of the manual processing needed by a Web-based deposition
tool. Harvesting gives us:
•

richer data base

•

more accurate data

•

systematic data

•

confidence levels for derived data

•

simpler deposition

Data harvesting eradicates typing and cutting/pasting
errors as well as allowing more information to be
t

archived without placing an additional burden on the
depositor. E-MSD and CCP4 have co-operated on the
ini tial
ideas
for
da ta
harvesting
(http://www.dl.ac.uk/CCP ICCP4/newsletter36/03 harvest.html and http://www.dl.ac.uk/
CCP ICCP4/newsietter37 113 harvest.html) AutoDep
3.0 reads CNS and CCP4 harvest files.

Recognition of chemical species
Of the about 15,000 entries in the POB at least half
contain metal ions or other non-polypeptide groups.
These chemical entities include substrates, products,
inhibitors and prosthetic groups. PDB conventions
dictate that each chemical entity is identified by a
three letter code that is consistent across the entire
archive. For example every occurrence of
should be labelled GLC. The PDB requires the additional check that the atom names for all residues must
be compliant with the PDB hetgroup dictionary and
are presented in a set order defined in that same dictionary.
The correct recognition of the chemistry for each of
these entities is a complicated procedure, not least
because the methods used to determine macromolecular do not give accurate structures for the bound
small molecules. The E-MSD has put in place a system
for matching all the chemical constituents of the entry
against the PDB hetgroup dictionary. Graph isomorphism approaches are used to match against a graph
derived from the PDB hetgroup dictionary extended to
include stereochemical detail such as chirality, ring
atom definition and cis/trans double bond information.
For new ligands, procedures are in place to automatically generate the new dictionary entry. Generating a
new dictionary entry automatically from the deposited co-ordinates is not easy as, for example, bond orders
and protons must be assigned. Many of the proce-

------------------------------------------------------------

dures are built around the CACTVS software suite
(Ihlenfeldt et al., 1994, http://www2.chemie.uni-erlangen.de Isoftware /cactvs lindex.html). In addition,
algorithms have been developed for matching fragments of molecules against fragments of the molecules in the PDB hetgroup dictionary (subgraph-subgraph isomorphism). These procedures are extremely
useful for trying to ensure that families of compounds
are handled in a consistent manner.
The completed chemical descriptions are exchanged
with the RCSB on a daily basis to further ensure PDB
consistency between entries processed at the two different sites.

Building of cross references from primary
sequence
Deposition and annotation steps are taken to ensure
that the data is not only consistent within a PDB entry
and consistent across the POB archive but also is consistent with other databases that contain related information. For a PDB entry the coordinates contain only
the observed atom positions and in many cases the
atom sites do not necessarily represent the complete
sequence of the protein studied. We work closely with
SWISS-PROT for procedures that match atom records
to the experiment sequences and to the sequence databases. SWISS-PROT information is to be used to generate appropriate HEADER, COMPNO, DBREF,
SEQADV, MODRES and SOURCE records in the PDB
entry. Determination of the correct sequence database
reference is vital, as much subsequent data is dependent on the correct sequence. PDB information on
chains, fragment sequences and journal references are
to be passed back to the SWISS-PROT database team
at EBI to maintain consistency between the structure
and protein sequence archives.
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Recognition of oligomeric state
Quaternary Structure is defined as that level of form
in which units of tertiary structure aggregate to form
homo- or hetero-multimers. Consideration of the presence of a quaternary state is important in the understanding of a protein's biological function. For a PDB
entry determined using X-ray crystallography the
deposited co-ordinates usually consist of the contents
of the asymmetric unit (ASU). This coordinate set may
not represent the actual molecule studied as the coordinates will be one of:
•

a single copy of the macromolecule.

•

the ASU consist of more than one copy of the
macromolecule.

•

the ASU require crystallographic symmetry operations to be applied to generate the complete
macromolecule(s).

•

a combination of the above, including multiple
copies and required symmetry transformations.

Algorithms (Henrick and Thornton, 1998, Ponstingl et
al., 2000) have been developed to determine the most
likely oligomeric state, taking into account the symmetry related chains. These algorithms form the basis
of the Protein Quaternary Structure (PQS) server
(http://pqs.ebi.ac.uk).

Recognition of secondary structure
elements
In the PDB secondary structure is represented by the
HELIX, SHEET and TURN records. In AutoDep 2.0 the
depositor was asked to provide secondary structure
assignments. However, these assignments were frequently found to be inconsistent with the co-ordinates, either due to typing errors or inappropriate

cutting/pasting from other entries. Therefore AutoDep
3.0 does not ask for secondary structure and instead a
secondary structure is generated during processing,
using a single program that integrates DSSP (Kabsch
and Sander, 1983, http://www.cmbi.kun.nl/
gv Idssp/) and the Promotif suite (Hutchinson and
Thornton, 1996, http://www.biochem.ucl.ac.uk/
""'gail/promotifIpromotif.html) and is included in the
copy of the PDB entry the depositor is sent for review.
Any changes to the secondary structure that the depositor wishes to make are incorporated at this stage.

Validation
A key aspect of making the PDB useful to the interests
of a diverse community of researchers is that the data
should be accurate, consistent, machine-readable and
carry clear indicators of quality. Data are more useful
if they are associated with meaningful confidence criteria and if they can be retrieved in a form which indicates the degree of confidence that can be placed on
any observation.

oped and the solving of structures becomes separated
from the analysis. The E-MSD works closely with the
European software groups CCP4 (for X-ray structure
determination) and CCPN (for NMR techniques) as
well as the EU-funded NMRQUAL project for developing validation criteria for structure determined
usingNMR.
Ideally all the validation checks that are run during
deposition would have been run before the deposition
process starts. To encourage this, the E-MSD runs the
CRITQUAL validation service (Dodson, 1998,
http://biotech.ebLac.uk:8400). CRITQUAL is the
European 3D Validation Network, and has devised a
series of geometrical and structure factor tests that
may be used assess how well a crystal structure fits the
observed data and how well its geometry agrees with
target values.

Transforllling the PDB flat file
archive to a relational database

Both AutoDep and the subsequent processing stages
contain a validation component that is primarily targetted at determining deviations from what is normally observed. This is achived by comparison with a
knowledge base to identify unusual features.
WHATCHECK (Hooft et al., 1996) is run as part of
AutoDep and a validation report prepared as part of
the AutoDep procedures. Deviations from standard
geometry and expected backbone torsion angles are
generated using in house software that are used to
populate REMARK 500 in the PDB format files. As Xray structures are increasingly deposited with structure
factors, E-MSD will integrate validation against structure factor information in the deposition procedure.

For many uses the structural archive is limited by the
fact that it is built around flat files in PDB format.
Although a formal specification for the PDB format
was produced in 1998, so many different dialects of
PDB format had developed by that stage that trying to
maintain an internally consistent archive in PDB format was, in practice, impossible. In an attempt to force
the legacy archive into a more useable form and to
ensure that these problems do not propagate into the
future, E-MSD have been working on developing a
relational database for structural data. The data representation is stored in a relational database schema.
The use of a Relational Data Base Management systems
gives us;

It is anticipated that validation during deposition will
become more important as high-throughput
approached for structure determination are devel-

•

efficient database management

•

non-procedural
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•

maintain data in an organised form

•

reading and writing data to the computer

•

fast data access mechanisms

•

reduce or eliminate need for redundant data

•

ensure integrity and consistency of data

The database has been designed using the Oracle
Designer CASE tool which has been invaluable for
tracking the development of such a highly complex set
of tables (around 400 tables linked by 1000 relationships). The database performs two key functions. For
legacy data it provides a filter that forces the legacy
PDB data into a consistent framework (thus forming
the basis for the development of search services
described below) and for new data it provides a versatile way of handling the data provided during deposition through an interface such as AutoDep.

Developing services to search the
PDB
Currently E-MSD run a search interface to the PDB
called OCA, http://oca.ebi.ac.uk, that was developed
by Jaine Prilusky at the Weizmann Institute. OCA provides a web interface to indexed flat files.
The E-MSD is developing search interfaces built
around the database. Relational databases are very
appealing for these services as not only do they provide very efficient, scaleable indexing but they also
subdivide the data so that it is relatively easy to manipulate that data that is returned from a query. Search
interfaces built around indexed flat files are mostly limited to returning a subset of those files. Once the data
is fully atomized in a relational database however, it
becomes a relatively simple matter to return a range of

formats that are assembled on the fly, as well as tabular subsets of the data.
However, the normalised database described above is
not ideal for searching as the interesting data is spread
out over many different tables that are slow to join
together. In addition, the normalised database is tied
to Oracle because it is tightly coupled to the development environment. Therefore, the normalised database is then transformed into a denormalised data
warehouse structure for searching. This both speeds up
the search and can be transformed to a more generic
SQL form suitable for a variety of database engines. EMSD expects to release a preliminary search interface
built around the data warehouse, as well as distributing versions of the denormalised database, early in
2002.

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. Major projects within
TEMBLOR are IntAct to create a database for proteinprotein interaction data, EMSD to enhance the
European Macrostructural Database, and DESPRAD to
establish a microarray data repository. Within TEMBLOR the EBI will develop new algorithms exploiting
the integrative layer and adding value to the existing
body of data.

Future
The EMSD database is part of the ED funded TEMBLOR project. TEMBLOR will be a new-generation
bioinformatics project, centred on an integrated layer
for the exploitation of genomic and proteomic data
(Integr8) by drawing on databases maintained at major
bioinformatics centres in Europe, and by creating new
important resources for protein-protein interaction
(IntAct), macrostructural (EMSD) and micro array
(DESPRAD) data. Integr8 will enable text-, structureand 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.
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Redaschi Team

Database
applications

The Database Applications group supports the core
database operations of the EBl. This embraces the
maintenance and administration of commercial database management systems and support of EBI staff,
visitors and external collaborators who use them; the
group's main focus, however, is on the development
and maintenance of software applications for the production of the EMBL nucleotide sequence database
and the protein sequence data bank SWISS-PROT and
its supplement TrEMBL. These applications include
tools used by biologists to annotate database entries as
well as software to handle the high volumes of data
received from collaborators and genome sequencing
centres.

Nucleotide sequences
Team Leader: Nicole Redaschi
Database Administrators: Tim Christmas*,
Olalekan Oyewole*
Database Programmers: Sergio Contrino,
Carola Kanz, Rasko Leinonen, Quan Lin*,
Vincent Lombard, Renato Mancuso,
Francesco Nardone*, Susana Santos, Jitka
Sengerova*, Katerina Tzouvara
CORBA Development: Giovanni Asproni*,
Federico Garcia Diez*

* indicates part of year only

L-

EMBL Nucleotide Sequence Database
(http://www.ebi.ac. uk/embl.html)
(C. Kanz, R. Mancuso, R. Leinonen, F.
Nardone, Q. Lin, K. Tzouvara and N.
Redaschi)
The EMBL/GenBank/DDBJ nucleotide sequence database is a collaborative project between Europe, the
USA and Japan (http://www.ebi.ac.uk/embl/
Contact/collaboration.html). Each partner collects
part of the worldwide produced sequence data and
exchanges the data with the other collaborators on a
daily basis. This data exchange, as well as the distribution of the data to the biological community, relies
on flat files that conform to either EMBL or GenBank
format.
Flat file data banks are hard to manage once they
exceed a certain size. We therefore use the relational
database management system (RDBMS) Oracle to handle the nucleotide sequence data. We had written a
._

c++ class library as a wrapper around the relational
system and used it for the development of the programs that interact with the database and transfer
data from flat files into the RDBMS and vice versa.
Since the initial implementation of this library, C++ has
undergone major changes including the introduction
of new standard template library classes. We are in the
process of making our code compliant to these new
standards which will make our applications portable
to other platforms.
Because the vast majority of sequence analysis and
query tools operate on flat files, we must continue to
distribute the EMBL database in its well-known flat file
representation (ftp: I Iftp.ebi.ac.uk/pub I databases/embl). We create quarterly full releases of the database and in between these releases daily, weekly and
cumulative update files for external sites that want to
keep local copies of the data (e.g. the EMBnet nodes,
large academic institutes and private companies). The
exponential growth of the data has made this task
increasingly difficult, forcing us to create alternative
sets of update files for users that run on operating
systems with file size limitations. Instead of simply
splitting files based on size, we developed a system to
sort the data according to well-established categories
(EST, GSS/ HTG, HUM, and rest). This solves the file
size problem and, in addition, offers users the option
to exclude certain types of data and to customize data
sets for analysis software. For the latter purpose, we
now also provide new subdivisions for the quarterly
releases of the database. Data of low sequencing quality (EST, GSS/ HTG) has always been kept separate
from high quality data, which is divided into separate
files according to taxonomic criteria. Since the volume of low sequencing quality records has grown
substantially, we have started to subdivide these data
according to taxonomy (e.g. human ESTs, plant ESTs,
etc.), tOO, giving our user community greater flexibility to customize their copies of the database.
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Data submission tools: Webin and WebinAlign (www.ebi.ac.uk/embl/Submission)
(V. Lombard, K. Tzouvara, F. Nardone and
N. Redaschi)
Our WWW sequence submission system Webin
(www.ebi.ac.uk/embl I Submission I webin.html) has
become the preferred data submission tool for individual researchers: nearly 3000 submissions containing over 20000 new nucleotide sequences with biological annotation have been submitted this year.
Webin saves valuable time on both sides: the biologist
is guided efficiently through the submission process
and the tool produces syntactically correct file records
that can be entered into the database with minimal
human intervention. We are continuously making
improvements to Webin based on feedback from users
and internal input, with the aim of further automation
of the submission procedure, making it as intuitive as
possible for the biologists and cut down the average
time required to submit a sequence.
Encouraged by the success of Webin, we have developed
Webin-Align
(www.ebi.ac.uk/embl/
Submission/align top.html), a WWW tool for the submission of multiple sequence alignments. In the past
we have accepted submissions of alignment data for
publication on our ftp server (ftp:/ Iftp.ebi.ac.uk/
pub I databases lembl lalign). However, since no
restrictions on data formats were imposed, this collection of files was unstructured and therefore unsuited for use in a query and retrieval system. WebinAlign collects sequence alignments and associated
data from the submitter and creates structured files
from this information. As a result, we now have a
well structured repository of sequence alignments,
the EMBL-Align database, that can be indexed by
standard query and retrieval tools like SRS
(http://srs.ebi.ac.uk/), making it easier for biologists
to search this data collection.
L-...-

Database cross-references
(S. Contrino and N. Redaschi)
Valuable biological data is collected in many specialized databases around the world, but it is often difficult for biologists to make full use of this wealth of
information because there is no central access point. It
is not possible to incorporate all this knowledge into
a comprehensive database like the EMBL nucleotide
sequence database, but we can provide cross-references from this central resource to the specialized
databanks, e.g. the species-specific databases MaizeDB,
SGD, Flybase, and MGD and other specialist data collections like IMGT /HLA, EPD, etc. Currently a total of
15 databanks are cross-referenced from EMBL. There
are three different types of links: nearly 5 million generallinks to various databanks, about 14 million links
to information about the source of the nucleotide
sequence (the taxonomy database and EST source
libraries) and more than 800000 links from coding
sequences (CDS) to the protein sequence databanks
SWISS-PROT and TrEMBL. The query and retrieval
tool SRS (http://srs.ebi.ac.uk/) displays these crossreferences as hyperlinks to help biologists to navigate
between related data collections.

Ensembl (www.ensembl.org/)
(N. Redaschi, E. Birney and T. Hubbard)
Ensembl is a freely available software system for
genomic analysis. It has been developed in collaboration between the Sanger center and the EBI and was
first applied to the human genome "draft" sequence,
published in June 2000, to provide a baseline annotation of the human genome. Since then the international human genome sequencing project is "finishing"
the working draft, filling in the gaps, revising
sequences and ordering contigs. All new and updated
primary sequence data is submitted to the EMBL
241

nucleotide sequence database, where we have engineered a system that tracks the new and updated
human and mouse sequences in order to feed them into
the Ensembl analysis pipeline on a daily basis. This
tracking system is easily extendable to include new
species.

Protein sequences
Both SWISS-PROT and its supplement TrEMBL are
maintained as flat file databanks. SWISS-PROT is produced in collaboration with Amos Bairoch at the Swiss
Institute of Bioinformatics (University of Geneva).

SWISS-PROTjTrEMBL
(www.ebi.ac. uk/swissprot/)
(S. Contrino, R. Leinonen, M.-J. Martin and
N. Redaschi)
The flow of data into our sequence databases closely
reflects the biological flow of information from
DNA/RNA to protein: the automation of DNA
sequencing has led to a steep increase in nucleotide
sequences, hence, most protein sequences available
today are derived from the coding sequences that are
annotated in the nucleotide sequence database. Both
SWISS-PROT and TrEMBL have started out as small
flat file data banks, but TrEMBL has meanwhile grown
to a size where its management in files is no longer feasible. The tracking and maintenance of cross-references between the nucleotide and protein sequence
databases causes enormous overhead at release time.
Therefore, the most urgent task at present is to achieve
a tighter coupling between EMBL and TrEMBL production, which requires that the TrEMBL data is stored
as a relational database like EMBL. We have completed applications to load/unload SWISS-PROT and
TrEMBL flat files into/from an Oracle database.
However, the loading of flat files into a relational
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database is only an intermediary step and the final goal
is to generate new and updated TrEMBL records using
the relational system, where updates of EMBL entries
will directly trigger the creation or modification of
related TrEMBL entries. The automatic annotation of
TrEMBL entries will benefit from this change, too,
because the resources involved in this process (InterPro
and RuleBase) are already maintained in a RDBMS.

Common Object Request Broker
Architecture (CORBA)
(G. Asproni, F. Garcia-Diez and N.
Redaschi)
CORBA is an open software industry standard that was
developed by the Object Management Group
(http://www.omg.org), a large non-profit consortium
that includes the major software vendors as well as end
users. The main purpose of the CORBA framework is
to achieve interoperability between applications in a
heterogeneous environment, i.e. on different hardware and operating systems and using various programming languages. It is therefore a suitable technology to tackle the problem of integration of the
existing heterogeneous sources of data and services in
biology. The Research and Development Programme
of the EBI had developed several prototype CORBA
servers for EBI databases and services to evaluate the
practicality of this technology (http://corba.ebi.ac.uk).
We now want to deploy CORBA in a production environment and have started by building a CORBA server for taxonomy data to provide a resource that can be
shared by several of the databases maintained at the
EBI, like the nucleotide and protein sequences databases and the macromolecular structures database.

EMMA and EuroCOMP
(http://corba.ebi.ac. uk/EMMA &
http://corba.ebi.ac.uklEuroCOMP)
(J. Sengerova and N. Redaschi)
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. The European Mouse
Mutant Archive (EMMA) was established to stock,
preserve and redistribute mouse mutant strains prod uced for biomedical research. The European
Comparative Genetic Resource (EuroCOMP) project
aims to provide new mouse mutants for the scientific
community in a phenotype-driven large-scale mutagenesis programme. Both projects are collaborations
between several European partners. The EBI's role is
to provide the database infrastructure for the EMMA
and to integrate the existing data resources of the
EuroCOMP project to provide a common interface for
external users.

Publications during the year
Stoesser, G., Baker, W., van Den Broek, A.,
Camon, E., Garcia-Pastor, M., Kanz, C.,
Kulikova, T., Lombard, V., Lopez, R.,
Parkinson, H., Redaschi, N., Sterk" P., Stoehr, P.
& Tub, M.A. (2001). The EMBL nucleotide
sequence database. Nucleic Acids Res." 29, 1721
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Stoehr Group

The primary focus of da tabase operations is the
nucleotide and protein sequence databases, the data
collection, internal management and curation, and
distribution of data to users.

•

EMBL Nucleotide Sequence Database Curation,
biologists led by Gunter Stosser to manage data
submissions and annotation.

•

SWISS-PROT Protein sequence Database Curation,
biologists led by Rolf Apweiler to manage protein
sequence data annotation

•

Database Programming, programmers led by
Nicole Redaschi to support and develop the database activities above.

The ImmunoGenetics database (IMGT) contains
nucleotide sequence information on genes important
in the function of the immune system. The project is a
collaboration between the EBI, LIGM (Montpellier),
ICRF, and the University of Koln. Release 200149-6
(December 2001) contains data from 53424 sequences,
either fully annotated or keyword-level sequence
entries. 143 species (mostly human) are represented.
The EBI forwards relevant sequence and annotation
information to the curators at LIGM and collects
immunoglobulin and T-cell receptor specific information from scientists submitting sequence data to
the nucleotide sequence database. The EBI contribution
to
the
project
is
documented
at
http://www.ebi.ac.uk/imgt/.

Team Leaders: Rolf Apweiler, Nicole
Redaschi, Gunter Stosser

•

External Services, to provide support and advice to
external users of our data and services.

External Services

Scientists: Lee Cooper*, Robert Harper,
Rodrigo Lopez, Stephen Robinson*

Descriptions of the progress made in the sequence
databases and programming groups are detailed in the
reports of Apweiler, Stosser and Redaschi. During the
year 4 complete releases of the EMBL Nucleotide
Sequence Database and the TrEMBL Protein Sequence
Database were built, and daily and weekly batches
of new or updated data were published.

Four teams are established:

Database operations

Group Leader: Peter Stoehr

Visitors: Gerard Giroux, Irene Mizrachi,
Stephane Nauche, Jim Ostell, Shane
Sturrock, Yoshio Tateno

* indicates part of year only

l---

Im.m.unoGenetics database
(IMGT)

A major initiative in the Autumn of 2001 has been to
integrate the sequence database operations, (nucleotide
and protein) bringing the two sets of curators and
programmers into single logical groups. This will
facilitate real integration of the database management,
programming and curation efforts and present a more
unified view of the sequence database resources to
the external scientific user community.
243

(with R. Lopez, R. Harper, L. Cooper, C.S.
Robinson)
The end of the year 2001 saw the beginnning of a real
expansion of human resources dedicated to external
services, with the hiring of 2 web designers and 2 programmers in place by the new year.
Continued development effort has been spent upgrading our external servers, especially in the areas of
sequence similarity searches and provision of more
interactive access to these through better interfaces.
Care is taken that the sequence data behind the services is both current (typically updated daily) and consistent. The process of exporting new data from the
source RDBMS, reformatting and indexing for the various applications is carefully scheduled and monitored.
.

---1
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The compute pool was supplemented during the year
with the further expansion of the Linux PC farm
enabling us to keep up with demands especially in
sequence search services. The SRS system was rendered more powerful and robust by being moved to a
cluster of Compaq ES40 machines, with fast dual connection to a storage area network (SAN) offering both
speed and redundancy.
Load Sharing Facility (LSF) software is used successfully for job queuing and load balancing. Interfaces for
interactive submission of analyses are available in the
form of customised WWW forms of a similar consistent
style, and interactive execution is usually possible
(depending on resources required). Email interfaces are
available and these are often more convenient for bulk
or automated job submission.
The FASTA, BLAST and Smith-Waterman search services processed on average around 1700 searches per
day, and a major growth in usage of our ClustalW
service was seen (Approx. 1400 analyses per day).
The EBI WWW server get hit around 25,000 times per
day by external users, and in a typical month by
around 30000 different hosts. The SRS server accounted for nearly 25,000 queries per day in addition to
general web server hits

FASTA
The latest threaded versions of the native FASTA version 3 software is implemented in collaboration with
the author Bill Pearson and SGI, to take advantage of
running on multi-processor servers. Jobs can be submitted via
email or WWW forms
at
http://www.ebLac.uk/fasta3 and via the forms,
results of protein database searches can be returned
interactively if required (otherwise by email at
fasta@ebi.ac.uk) and marked up on display to enable
viewing of the sequence hits.

BLAST
We have implemented two versions of BLAST, NCBIBlast and WD-Blast (Warren Gish at Wash-D). As for
FASTA above, interfaces are via WWW at
http://www.ebLac.uk/blast2
or
email
(blast@ebi.ac.uk) and results for protein searches can
be returned and marked up interactively. Close collaboration with the authors and SGI has ensured optimal performance.

Smith- Waterman
•

SRS
Interactive query access to the sequence databases,
and about 120 many other, is provided by SRS in collaboration with the EBI SRS development group and
Lion Biosciences, at http://srs.ebLac.uk/. A major
additional resource served by the EBI SRS server in
2001 was the MEDLINE biomedical literature abstract
database from the NLM.
L

•

BIC-SW The Biocellerator (Compugen Ltd) is a
dedicated device attached to a conventional frontend computer which contains specific algorithms
in firmware to accellerate the execution. The 2 twoboard BIC-2 devices at the EBI provide a robust
service for Smith-Waterman protein sequence database searches. Interactive forms for job submission and receipt of results are available at
http://www.ebi.ac.uk/bic sw, and also an email
interface via blitz@ebi.ac.uk.
Scanps A more recent addition to the SmithWaterman search capability is the Scanps software
(Geoff Barton). Scanps is running at

----------------------

http://www.ebi.ac.uk/scanps and executes on
conventional multi-processor servers rather than
any dedicated specialised hardware.
•

MPsrch MPsrch adds to the choice of SmithWaterman implementations available, in collaboration with Shane Sturrock at Edinburgh
Biocomputing Systems (EBS).

PPSearch
Prosite pattern searches are available using PPSearch
(Rainer Fuchs) interactively via WWW forms at
http://www.ebLac.uk/.

ClustalWWW
The ClustalW (Higgins, Gibson, Thompson) multiple
sequence aligment software has been given a WWW
interface and set up as a popular server at the EBI, at
http://www.ebi.ac.uk/clustalw.

Anonymous FTP server
The EBI anonymous FTP server contains a wealth of
molecular biology databases and software available for
free download. Nucleotide and protein sequence
updates are propagated via the FTP server, as are
many other databases from different sources. These are
often updated by an automatic mirror from the source.
A collection of molecular biology software is also a
popular resource.

NetServ
The oldest network server in molecular biology was
implemented at EMBL in the mid-80's, NetServ. It was
and is an email server implemented to return latest
sequences to users accessed by accession numbers.
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NetServ serves other things too/ e.g./ small databases/
molecular biology software. Today/ exactly the same
NetServ commands work to serve sequences to users
and it continues to have an important role as an alternative to interactive web-based access.

EMBnet
Continued involvement with the EMBnet project/ a
network of biocomputing centres around Europe delivering local services and support to users has been
enhanced. EMBnet nodes/ among other functions/
serve as mirror sites for the sequence databases and
typically run an SRS server as the primary access
mechanism. Both Rodrigo Lopez and Robert Harper
are on the editorial board of the EMBnet newsletter
"embnet.news". They also serve on various EMBnet
committees and workgroups.

European Patent Office
We continued to operate a sequence searching service
customised for the patent examiners at the European
Patent Office (EPa). This was set up as a three year
contract initially/ and we expect this to run successfully
into the future and involving an increased level of
collaboration on sequence (and potentially 3D structure) data handling and analysis.

User Support

Publications during the year
Apweiler/ R./ Attwood/ T.K./ Bairoch/ A./
Bateman, A., Birney/ E./ Biswas/ M./ Bucher, P./
Cerutti/ L./ Corpet, F./ Croning/ M.D., Durbin/
R./ Falquet/ L., Fleischmann, W., Gouzy, J.,
Hermjakob, H./ Hulo, N., Jonassen, 1./ Kahn/ D.,
Kanapin, A., Karavidopoulou, Y., Lopez, R.,
Marx, B./ Mulder, N.J./ Oinn, T.M./ Pagni, M. &
Servant, F. (2001). The InterPro database, an
integrated documentation resource for protein
families, domains and functional sites. Nucleic
Acids Res., 29, 37-40
Lopez/ R. & Stoehr, P. (2001). Public bioinformatics services from the EB1. HGM2001/ HUGO
Human Genome Meeting, Edinburgh
Stoesser, G., Baker, W., van Den Broek, A.,
Camon, E., Garcia-Pastor, M., Kanz, C./
Kulikova, T./ Lombard/ V., Lopez, R.,
Parkinson, H., Redaschi, N., Sterk, P., Stoehr, P.
& Tuli, M.A. (2001). The EMBL nucleotide
sequence database. Nucleic Acids Res., 29, 1721
Zdobnov, E.M., Lopez, R., Apweiler, R. &
Etzold T. (2001). Using the molecular biology
data. In "Biotechnology, vol. 5b: Genomics and
Bioinformatics"/ C.W. Sernsen (Ed.), WileyVCH, pp. 281-300

The services listed above are supported services. We
undertake to provide continuity and quality of service/
and these services are not just the whims of particular
individuals in the group. Human support/ typically via
email/ is given to users of these services which may be
technical (e.g./ computer or network-related) or biological (e.g./ interpretation of results).
L--

---------------------------------------------------
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Scope of the database

St6sse Team

EMBL-Bank, a.k.a.
theEMBL Nucleotide
Sequence Database

Team Leader: Gunter Stosser
Scientists: Susanna Assunta Sansone*,
Wendy Baker, Evelyn Camon, Maria Garcia
Pastor, Tamara Kulikova, Helen Parkinson*,
Gareth Rees, Pieter Sterk*, Mary Ann Tuli,
Sandra van den Broek , Robert Vaughan*
Data assistants: Yvonne Allen, Karyn
Duggan, Astrid Fleischmann*

* indicates part of year only

The EMBL-Bank (http://www.ebi.ac.uk/embl/) represents Europe's primary collection of nucleotide
sequences. The database is maintained at the European
Bioinformatics Institute (EBI) located near Cambridge
(UK). The EBI is an Outstation of the EMBL Molecular
Biology Laboratory (EMBL) in Heidelberg, Germany.
Data are received from genome sequencing centres,
individual scientists, the European Patent Office (EPO)
and via exchange from collaborating databases DDBJ
(Japan) and GenBank (USA). To achieve optimal synchronisation, new and updated data are exchanged on
a daily basis amongst the International Nucleotide
Sequence
Da tabase
Collabora tion
DDBJ/EMBL/GenBank. 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. Established in 1980, the database was
historically tightly coupled to the publication of
sequences in the scientific literature. Electronic submissions via the WWW are now usual practice. Today,
the vast majority of data submitted by direct transfer
of data comes from major sequencing centres, such as
the Sanger Centre. New data are released daily into the
EMBLNEW database and are immediately available.
The EMBL and EMBLNEW databases are stored and
maintained in an ORACLE data management system.
Network services allow free access to the most upto-date data collection via Internet and World Wide
Web interfaces. EBI's Sequence Retrieval System (SRS)
is a network browser for databanks in molecular biology, integrating and linking the main nucleotide and
protein databases plus many specialized databases. For

sequence similarity searching a variety of tools (e.g.,
Blitz, Fasta, BLAST) are available which allow external users to compare their own sequences against the
most currently available data in the EMBL Nucleotide
Sequence Database and SWISS-PROT.

Growth
On October 2, 2000 the number of nucleotides in
EMBL-Bank has passed the 10,000,000,000 mark. Over
the last 12 months the database size has tripled in size
(compare October I, 1999: 3.6 Gigabases)
The EMBL database is growing rapidly as a result of
major genome sequencing efforts. Within a 12-month
period the database size has increased from about 8.3
million entries comprising 9,650 million nucleotides
(Release 64, Sep 2000) to nearly 13 million entries and
over 13,727 million nucleotides (Release 68, Sep 2001).
During the same period the number of organisms represented in the database has risen by more than 30% to
over 75000 species.

The International Nucleotide Sequence
Database Collaboration
DDBJ (Japan), 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.
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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 2001, the EMBL Database
organised and hosted at the European Bioinformatics
Institute near Cambridge (UK) the 14th International
Nucleotide Sequence Database Collaborative Meeting
followed by the 12th International Advisors Commitee
Meeting for DDBJ/EMBL/GenBank. The group also
hosted the meeting between the International Patent
Organisations (USPTO, JPO, EPO) and the
International Database Providers (DDBJ, EMBL,
GenBank).
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 EBl. Version 4.0 of the
Feature Table documentation has been made available from the EBI WWW and FTP servers in December
2001.
The comprehensive sequence-based collaborative taxonomy includes over 75,000 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. EMBL database
top 5 organisms in December 2001 are H. sapiens (52%),
M. musculus, (15%), D. melanogaster (4.5%), R. norvegicus (3.5%) and o. sativa (2%)
L

.

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 SWISS-PROT. SWISS-PROT itself
is linked to more than 30 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 September 2001 the EMBL-Bank included a total of
4,784,533 links to other databases.

Protein translations
Translation of 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 SWISSPROT database. EMBL nucleotide entries are cross-referenced (via the / db_xref qualifier) to the TrEMBL
and SWISS-PROT databases.

Data acquisition
Two major sources contribute to the EMBL database:
individual scientists, who submit data directly to the
collaborating databases, and 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).
Researchers submitting new sequences directly to the
EMBL database use either the Internet (WEBIN) or a
stand-alone software tool (SEQUIN). 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.
The EBl's submission tools incorporate facilities for
providing and checking biological information.

Vector scanning and EMVEC
A WWW-based interactive vector scanning service
(URL: http://www.ebi.ac.uk/embl/Submission/
index.html) is available for submitters to assist in the
screening of sequences for vector contamination before
submission. The vector screening service uses the latest implementation of the BLAST algorithm and the
special sequence databank EMVEC, comprised of an
extraction of sequences from the SYNthetic division of
EMBL commonly used in cloning and sequencing
experiments. EMVEC is updated with each release of
EMBL and is available from the EBl's ftp server at
ftp:/ Iftp.ebi.ac.uk/pub/databases/emvec/.

WEBIN
WEBIN is an Internet based system developed at the
EBI for submission of nucleotide sequences to EMBLBank. WEBIN has been designed to allow fast submission of either single, multiple or even very large
numbers of sequences (bulks). During 1999 a number of developments have accelerated and simplified
the submission procedure for users and increased the
quality of flat files generated by Webin.
WEBIN is available from the EMBL-Bank WWW home
page or at URL:
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http://www.ebi.ac.ukl embl/Submissionlwebin.html
Bulk submissions: A growing number of authors are
submitting increasing amounts of similar sequences,
and to make the submission procedure more effective, more user-friendly and less time consuming, the
database has developed a customised web-based submission system for bulk sequences.
Updates: The responsibility of keeping a database
entry correct and up-to-date lies with the original submitting group. Submitters are encouraged to report
changes to the sequence, features, gene or product
nomenclature and to send full citation information to
the database when their sequence data is published.
We have recently started a project to develop a new
web-based user-friendly update system which will
enable users to update their entries interactively.

New sequence alignment submission
system (Webin-Align) launched
Early 2001 Webin-Align has been launched by EMBLEBI database staff in response to the need for the permanent electronic storage of alignment data from phylogenetic and population analysis and its presentation in a standardised format. Webin-Align has been
designed primarily for soliciting nucleotide sequence
alignment submissions, which, upon receipt, are curated by EMBL database biologists. After approval by
EMBL staff a unique alignment number is assigned to
each alignment (e.g., ALIGN_000001), which should be
included in the published article.
Nucleotide alignment data can be retrieved from the
EBl's WWW pages at http://www3.ebi.ac.uk/Services
lalign/listali.html or from the FTP server at
ftp://ftp.ebi.ac.uk/pub/databases/embl/align
As an additional service to the community, a version
of Webin-Align can be used to also submit protein

sequence alignment data. Submission information and
guidelines are available from http://www.ebi.ac.uk/
emb 11 Submission I.
For more information on Webin-Align and Alignment
Database
see
http://www.ebi.ac.uk/embl/
Submission I alignment.html.

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 SWISSPROT).
All data are received by the EMBL database staff - a
group of biologists and database specialists who 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, the stand-alone program Sequin, 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 Nucleotide Sequence Database
Collaboration DDBJ /EMBL/Genbank.
Upon receipt, Data Processing Staff perform clerical
checks, do history logging and preprocess the data.
Next, biological database curators preview the submissions for biological information required. Database
accession-numbers are assigned and communicated to
the submitters within 2 working days. In case of problems with a given submission (e.g., biological information is missing), the authors are contacted to obtain
the according information. The database accession
number serves as a confirmation that the sequence
has been submitted and is a permanent, citable number that will allow the sequence to be referenced in
publications by the submitter and others. This same
number is used to retrieve the sequence from the
EMBL-Bank or from one of the other International
Database Collaborators, GenBank and DDBJ.
Database curators trained in molecular biology and
skilled in database production operations annotate,
organize, and maintain the ever-growing number of
database entries. Curators ensure that all direct submissions receive a systematic quality review. Programs
that check for internal consistency are used to confirm
coding regions and verify amino acid translations.
Using annotation and data representation guidelines,
curators then create the according database entry: the
definition line, keywords, taxonomy classification,
journal references information and biological feature
annotation. Communication with submitters are sometimes necessary to add or modify features. Finally, a
draft of the EMBL record is communicated back to
the submitter for review.
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WWW annotation guides
Three Internet guides have been maintained by curation staff to help submitters annotate their sequences.
The guides are available from the EMBL-EBI WWW
site (http://www.ebi.ac.uk/embl/Documentation/
index.html) and from within WEBIN.

•

WebFeat: A complete list of feature table key and
qualifier definitions, providing full explanations of
their use.

•

EMBL Annotation Examples: A selection of EMBL
approved feature table annotations for some common biological sequences (i.e., ribosomal RNA,
mitochondrial genome).

•

DE Line Standards: Guidelines on how to create a
suitable definition for submissions following database conventions.

and are also available via ftp.

Genom.e project data
A selection of project groups currently submitting to
EMBL-Bank:
CNS/Genoscope projects (various organisms)
ESSA Arabidopsis thaliana
European Drosophila Mapping Consortium
MIPS human EST
Max Planck Institute Berlin Human
MRC/HGMP Fugu GSS
Oxford MGC/HGMP Mouse X
Pasteur various microbial genomes
Sanger Centre Human genome project
Sanger Centre Caenorhabditis elegans nematode
project
Sanger Centre various micro-organisms
L

.

.

European IMAGE clone sequencing consortium
Shanghai NCGR rice genome project
Database entries produced at the research sites are
deposited and updated directly by the genome project
submitters using FTP or email. Full details of the procedure can be found from the EMBL EBI WWW site
(http://www3.ebi.ac.uk/Services/Genome Subm/).
Each submission account is curated by EBI biologists.
Sequence data produced at sequencing centres will
be included in the database as soon as they become
available from the individual sequencing groups, and
will immediately become available for homology

Genom.e representation
Completed genomes web server
The first completed genomes from viruses, phages
and organelles were deposited into the EMBL database
in the early 1980's. Since then, hundreds of complete
genome sequences have been added to the database,
including Archaea, Bacteria and more recently
Caenorhabditis elegans, Drosophila melanogaster, Homo
sapiens draft genome and several microbial genomes,
amongst them those that cause cholera (Vbrio cholerae)

searches via network services.

and meningitis (Neisseria meningitidis).

The progress of a number of large genome sequencing

The genomes web server maintained at the EBI pro-

projects is monitored in the Genome MOT (genome
monitoring table). A collection of graphs and tables
shows the progress of the major eukaryotic genome
sequencing project, calculates the total amount of finished and unfinished (draft) genomic DNA sequences
deposited per year into the DDBJ/EMBL/GenBank
databases for a number of organisms, and is updated
on a daily basis. In addition, the Genome MOT website gives direct access to database records and provides mapping information for individual clones.

Patent sequence data
The EMBL database continues to collaborate with the
European Patent Office to capture patent sequences
from patent applications. US and Japanese patent
sequence data are integrated from NCBI (USA) and
DDBJ (Japan). Release 68 (Sept 2001) included more
than 429,000 patent sequence entries.

._ _- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - . - - - - - - - - -

vides direct access to completed genome sequences at
http://www.ebi.ac.uk/genomes I.
Recent additions include

Buchnera sp. APS
Pseudomonas aeruginosa
Pasteurella multocida
Lactococcus lactis
Mycobacterium leprae
Mesorhizobium loti
Escherichia coli 0157
Agrobacterium tumefaciens
Mycoplasma pulmonis
Sinorhizobium meliloti 1021
Caulobacter crescentus
Aeropyrum pernix
Pyrococcus abyssi
Pyrococcus horikoshii
Sulfolobus solfataricus

acc# BA000003
acc# AE004091
acc# AE004439
acc# AE005176
acc# AL450380
acc# BA000012
acc# BA000007
acc# AE007869
acc# AL445566
acc# AL591688
acc# AE005673
acc# BA000002
acc# AL096836
acc# BAOOOOOI
acc# AE006641
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High- Throughput Genome sequences
(HTGs)
In order to make genome sequences produced by highthroughput sequencing projects available to the user
community as soon as possible, the EMBL database
continues to collect and distribute 'unfinished' genome
project data with annotation for many of these records
being generated through computer analyses. Entries in
this division all contain keywords to indicate the status of the sequencing (e.g., HTGS_PHASE1). A single
accession number is assigned to one clone, and as
sequencing progresses and the entry passes from one
phase to another, it will retain the same accession
number with only the most recent version of a HTG
record remaining in EMBL. Once 'finished', HTG
sequences are moved into the relevant primary EMBL
taxonomic division. EMBL Release 68 (Sept 2001)
included over 4,4711 Mb of unfinished HTG data.

Base quality values
Quality scores (Phrap) from draft HTG data are available on the EBI FTP server at ftp://ftp.ebi.ac.uk/pub/
databases/embl/quality scores. The gzip'ed files in
the directory contain base quality values for unfinished human sequences from Japanese, US and
European sequencing centres. The FastA-type headers
contain the EMBL sequence identifiers and versions of
the corresponding database entries. Quality score files
are updated on a daily basis.

Draft human genome
The completion of the human draft genome sequence
was announced and published in February 2001. The
EMBL Database (together with GenBank and DDBJ)
has been playing a key role in acquisition, storage
and distribution of human genome sequence data.
Major sequence contributors consisted of the Sanger
L...-

Centre, Cambridge, UK (http://www.sanger.ac.uk)
and 4 American centres including Washington
University Genome Sequencing Centre, St. Louis
(http://genome.wustl.edu/gsc/), Whitehead Institute
for Biomedical Research, Cambridge, MA,
(http://www-genome.wi.mit.edu/), Baylor College
of Medicine, Houston, (http://www.hgsc.
bcm.tmc.edu/) and DOE Joint Genome Institute,
Walnut Creek, CA (http://www.jgi.doe.gov I).
Human draft sequence data can be accessed at the
EBI via:
EBI's Genome Web Server: This server provides easy
access to hundreds of completed genome sequences
and is available at http://www.ebi.ac.uk/genomes I.
EMBL Release HTG division: Since the beginning of
the Human Genome Project, the international Human
Genome Sequencing Consortium has been submitting human draft sequence data to the International
Nucleotide Sequence Databases DDBJ /EMBL/
GenBank. High-throughput human sequence data are
incorporated into the EMBL Database high-throughput
genome division (HTG) and are made available to the
public immediately from the EBI servers.
Genome MOT: Unfinished and finished human data
sorted by chromosome are available via EBI's Genome
Monitoring
Table
(Genome
MOT)
at
http://www.ebi.ac.uk Igenomes Imot I.
Ensembl: Automatic annotation, graphical views, websearchable datasets including information on confirmed peptides, confirmed cDNAs, predicted peptides, repeat predictions along with integration of
map information and SNPs are available from
http://www.ensembl.org/.

Data distribution, searching and
sequence analysis
Database releases
During 2001 the following EMBL-Bank releases have
been produced.
•

Release 66, March 2001

•

Release 67, June 2001

•

Release 68, September 2001

•

Release 69, December 2001

The according Release Notes are available from the EBI
URL: http://www.ebi.ac.uk/embl/Documentation/
release info.html.

EBl 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.

Sequence Retrieval System (SRS)
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
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executed and users should refer to the detailed instructions which are available online.

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
(http://www2.ebi.ac.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 NCBI-Blast2. 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 NCBIBlast2 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.
L

.

.

.

.

Table 1. Summary of EMBL-Bank web-based resources including detailed information on submissions, data access, genome data as well
as database searching and analysis tools.
TITLE

URL

General
EMBL-EBI Home Page
EMBL Nucleotide Sequence Database

www.ebi.ac.uk/
www.ebi.ac.uk/embl/

Documentation
EMBL Database Documentation Page
Database User manual
Database Release Notes
The DDBJ/EMBL/GenBank Feature Table Document
Taxonomy Database
Example Database Entry
WEBALIGN: Sequence Alignment Submissions
WebFeat: feature table keys/ qualifiers definitions
Annotation Examples: EMBL entry examples.
DE line Standards: guidelines for entry definitions
Sites maintaining daily updated copies of EMBL
Submissions
Submission of Nucleotide Sequence Data
Information for Submitters Document
Vector Scanning prior to submission
WEBIN: web-based sequence submission system
SEQUIN: stand-alone sequence submission tool
Genome Project Submission Account guidelines
WEBUP: sequence update form
Access
Access to servers, query tools and data archives
Sequence Retrieval Service (SRS)
Current Database Release
Sequence Tagged Sites (STS) resources
Expressed Sequence Tag (EST) resources
Sequences from the patent literature
Genome data
Completed Genomes Web Server
Genome FTP server
EnsEMBL: automated analysis of genome data
Genome MOT: status of genome projects
Database Searching, Browsing and Analysis Tools
Access to searching, browsing and analysis tools
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www.ebi.ac. uk/ embl/ Documentation/
www.ebi.ac .uk / emb 1/ Documentation I User_manual I usrman.html
www.ebi.ac.uk/ embl/Documentation/Release_notes I current/ relnotes.html
www.ebi.ac.uk/ embl/Documentation/FT_definitions I feature_table.html
www3.ncbi.nlm.nih.gov ITaxonomy / tax.html
www.ebi.ac.uk/ cgi-bin/ emblfetch?x64011
www.ebi.ac.uk/ embl/Submission/ alignment.html
www3.ebi.ac.uk/Services/WebFeat/
www3.ebi.ac.uk/Services/Standards/web/
www.ebi.ac.uk/ embl/Documentation/ de_line_standards.html
www.ebi.ac.uk/embl/ Accessl other_sites.html
www.ebi.ac.uk/ embl/Submissionl
www.ebi.ac.uk/embl/Documentation/information_for_submitters.html
www2.ebi.ac.uk/blastall/vectors.html
www.ebi.ac.uk/ embl/Submission/
www3.ebi.ac.uk/Services/Sequin/
www3.ebi.ac.uk/Services/GenomeSubm/
www3.ebi.ac.uk/Services/webin/update/ update.html
www.ebi.ac.uk/embl/ Accessl
http://srs.ebi.ac.uk/
ftp:/ Iftp.ebi.ac.uk/pub/databases/embl/release/
www.ebi.ac.uk/ embll Accessl sts.html
www.ebi.ac.uk/ embll Access I est.html
ftp:/ I ftp.ebi.ac.uk/pub/ databases/ embl/patentl
www.ebi.ac.uk/ genomes/
ftp:/ I ftp.ebi.ac.uk/pub/ databases/ embll genomesl
http://ensembl.ebi.ac.uk/
www.ebi.ac.uk/Databases/Genome_MOT I genome_mot.html
www.ebi.ac.uk/Tools/
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Thornton Group

Computational
approaches in
molecular biology

Group Leader: Janet Thornton
Postdoctoral fellows: Hannes Ponstigl
External research fellows: J. Barker, Sue
Jones, Malcolm MacArthur, Kevin Murray,
Irilenia Nobeli, Irene Noaren, Craig Porter,
Hugh Shanahan, Robert Steward
External PhD students: Gail Bartlett, Tina
Clarke, Jennifer Oawe, Alex Gutteridge, T.
Kabir, Stuart Rison, Gareth Stockwell,
Annabel Todd

The major focus of our research is to understand biology at the molecular level using computational
approaches for data analysis, prediction and modelling. This year we have made significant progress in
the following research projects:

Understanding the relationship
between proteins structure and
biological function
(with Professor Christine Orengo, DCL)
Aim: To understand how enzyme function can change during evolution.
An analysis of enzyme families in the Protein Oata
Bank (POB) has been undertaken to explore the frequency and type of changes observed within a family
during evolution. The families were defined in CATH
(http://biochem.ucl.ac.uk/bsm/cath/), and enzyme
function was defined using the E.C. Classification
taken from the Enzyme database (Pearl et al., 2001).
Families were further expanded, by considering
sequence relatives and annotations from SWISS-PROT.
We find over 70 families with functional variations
including about 30 with major changes in function. We
are investigating how these functional changes come
about (e.g. by changes in domain composition or local
sequence changes) and what sort of changes in function are most common. The longer term aims are to
predict a change in function from knowledge of a representative structure and a new sequence and to facilitate the design of novel enzymes which use the same
chemistry but act on a different substrate. We have
completed the analysis of about 30 families in which
major changes are observed (Todd et al., 2001). In addition to our general analysis, we have also studied the
TIM barrel structures in some detail (Nagano et al.,
2001).

Exploring the evolution of
metabolic pathways
(with Dr Cyrus Chothia, Lab Molecular
Biology, Cambridge; Dr Monica Riley,
Woods Hole)
Aim: To explore the protein relationships within and between
pathways to understand more about how pathways have
evolved and to compare pathways in different organisms.
We have analysed enzymes involved in small molecule
metabolism in E. coli. We find that many genes are
duplicated and that duplications occur across as well
as within pathways. In general it is the chemistry or
reaction type, which is conserved rather than the substrate (Teichmann et al., 2001; Rison et al., 2001).

Characterising enzyme active
sites and ligand binding sites
Aim: To assign the metal binding and active site/catalytic
residues in enzymes of known structure.
The information on catalytic residues is only available in the literature to date. Once the catalytic residues
have been assigned, they are used to generate threedimensional templates which 'characterise' a functional activity. They are equivalent to the 10 motifs in
sequence space, and can be used to identify proteins
with a given function, or class of function in a protein
of known structure, but unknown function. Over the
last 2 years we have been building up the library of
assignments and templates (by many members of the
laboratory and also summer students). Searching the
literature is very time-consuming! To date we have
assigned catalytic residues in approximately 2/3 of all
the enzymes in the POB. This study also includes an
analysis of metal binding sites in proteins. Templates
have been defined for zinc, calcium, copper and iron
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binding sites. We are intrigued by how proteins distinguish between similar small molecules (e.g. ATP &
GTP) and compared these binding sites in different
proteins (Nobeli et al., 2001).

Understanding the interactions
between proteins
Aim: To understand the basic principles which determine the
strength and geometry of protein-protein complex in order
to facilitate prediction.
We have used the data in the PDB to derive the fundamental principles, which govern the formation of
protein-protein complexes. These data provide the
stereo-chemical basis for a knowledge-based prediction
of interface sites - called 'PATCH ANALYSIS'. This
approach is being improved by incorporating a neural
network, and tested on larger datasets. It works very
well on obligate complexes (i.e. homodimers).
In parallel a procedure was developed that generates
and ranks likely structures of the quaternary assembly
of a protein from its atom co-ordinates and the crystal
symmetry deposited in the Protein Data Bank (PDB).
The procedure makes use of a graph-theoretic algorithm applied to scored protein interfaces. Interface
scores were derived from crystal structures of globular, water-soluble proteins of distinct oligomeric state
in solution. The non-homologous set of 260 oligomers
consisted of 95 monomeric and 165 dimeric, trimeric,
tetrameric and hexameric proteins of which 26 were
hetero-oligomers. The set was curated consulting the
literature and starting from annotation of subunits in
SWISSPROT and the PDB by selecting one representative per structural family. All intermolecular contacts
present in the crystal were re-generated by applying
crystallographic symmetry operations to the deposited co-ordinates. A scoring function for protein-protein
interfaces was derived from the most extensive contact
of all crystal structures except monomers. The scoring

function, a so-called statistical potential, was based on
pairs of atom types and distance information. We
found our method to improve significantly over predictions by the Protein Quaternary Structure (PQS)
file server at the EBL Choosing an optimal threshold
results in prediction error rates of 12%. The method
performs better for smaller assemblies like monomers,
dimers and trimers than for tetramers or hexamers.
Including conservation scores also helps to distinguish between biological and crystallographic interfaces (Valdar & Thornton, 2001).

Understanding protein
interactions with DNA
(in collaboration with Prof. H. Berman,
Head of RCSBjPDB, Rutgers, USA)
Aim: to develop and automate the classification system for
protein-DNA interactions; to annotate all complexes in
the PDB and to devise rules to predict the specificity and
geometry of a complex.

Finding new approaches to
predict structure frolll sequence
(in collaboration with Dr. Denise Gorse,
UCL)
Aim: To understand protein folding and improve the prediction of structure from sequence.
We have developed a wavelet-based analysis system
for identifying repeats in protein structures (Murray
et al., 2001). Wavelet Transforms for the
Characterization and Detection of Repeating Motifs
(accepted by Journal of Molecular Biology). This
involves a number of important innovations, including evaluating the suitability of different wavelet
transforms for pre-processing protein data; exploiting
a range of physico-chemical properties attributable
to amino-acid sequences and the development of
strategies for combining different properties in 'intelligent' ways. A separate study has been considering
how neighbouring amino acids can determine strand
order and alignment in sheets. Although the signal
is weak we have shown that there is a small effect
which can help to align the strands (Steward &
Thornton, 2001).

We have analysed all protein-DNA complexes in the
PDB, clustering first into homologous families (CATH
& SSAP) and then according to the DNA-binding
motif. We also analysed RNA-binding Proteins (Jones
et al., 2001). We are currently working on deriving 3D
template signatures for the 'DNA-recognition motifs'
to allow automated classification. We expect that specificity rules will be family-dependent, although there
are some generic amino acid base preferences. The
relationship between residues conservation and the
functional role in DNA binding has also been explored
(Luscombe et al., 2001).
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Ashbu ner Group

The bioinformatics of
genomes

Group Leader: Michael Ashburner*

The Ashburner group has, this year, concentrated on
two major projects. The first of these in the continuing
development of the Gene Ontology, a project to develop a structured database for the annotation of gene
products in other databases. In this year this project,
which is joint with several colleagues in the USA, has
expanded enormously, particularly with the partipation of several new model organism groups (Rat,
Dictyostelium, the Sanger Institute's Pathogeb Group,
The Institute for Genome Research (TIGR), etc). The
second project is our continuing work on the development of a comprehensive human genetic variation
database, a project that, it global terms, has been
bedeviled
by
political
problems
(vide
http:// emlab.berkeley.edu I users Ib hhall I ipconf I mau
rer01.pdf for one view of these). However, there is
now some hope of a more rational collaborative development. The integration of this project into the EBiSanger Institute joint ENSEMBL project occurred this
year.

Staff Scientist: Heikki Lehvaslaiho
Senior Technical Officers: Yuan Chen*,
Midori Harris*
Database Curator: Martin Aslett*
PhD student: Giuseppe Insana
Secretary: Gillian Adams

* indicates part of year only

Gene Ontology
(M. Ashburner; M. Harris)
The Gene Ontology Consortium is dedicated to providing public resources for the annotation of genomes.
The Consortium continued to expand in 2001, with the
addition of the SWISS-PROT /TrEMBL/lnterPro group
at EBI, two groups at the Wellcome Trust Sanger
Institute
(PomBase,
the
database
for
Schizosaccharomyces pombe, and the Pathogen Group),
DictyBase, the database for Dictyostelium discoideum at
Northwestern University Medical School, and
Compugen, Inc. The new groups join five existing
member databases, FlyBase, the Saccharomyces
Genome Database, Mouse Genome Informatics,
WormBase, and The Arabidopsis Information
Resource.

GO is a structured controlled vocabulary of terms that
allow genome database annotators to describe gene
products in terms of their molecular function, biological role (process) and cellular location. These three
domains are independent and any single gene product
may have one or more attributes from each. The basic
idea behind GO is that if different databases share a
common vocabulary for gene annotation then one
step will have been made towards the greater integration of data from diverse organisms. The internal
structure of the GO database has been designed to
allow very flexible annotation (and, hence, querying);
in particular to allow the representation of incomplete knowledge.
The position of GO Editor has been created and filled
at the EBl. The GO Editor has primary responsibility
for the biological content of the GO database, coordinating all additions and changes to GO's vocabularies
so as to ensure internal consistency. The Editor works
closely with model organism database curators, and
responds to requests from the larger biological research
community, to identify areas within GO that require
expansion or revision. The GO Editor's responsibilities
also include defining new and existing GO terms,
maintaining the GO documentation, presenting GO at
scientific meetings, and answering questions about
GO received from community members.
The GO database has increased to over 10,000 terms,
with many portions of the vocabularies revised and
expanded, and there has been progress in incorporating term definitions. Terms have been added to accommodate viruses and protozoan parasites. Cross-references to other classification systems have been
improved: the links between InterPro entries and GO
terms have been updated, and cross-references to the
University of Minnesota Biocatalysis/Biodegradation
Database and MetaCyc pathways have been added.
As agreed at the end of 2000, the SWISSPROT /TrEMBL/lnterPro and EnsEMBL groups at EBI
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have begun a project to apply GO terms to a nonredundant set of proteins described in the SWISSPROT, TrEMBL and Ensembl databases that collectively provide complete proteomes for Homo sapiens
and other organisms. In the first stage of this project,
GO assignments have been applied to a data set representing the human proteome by a combination of
electronic mappings and manual curation. The GO
Editor has has also assisted the SWISS-PROT curators by training them in the manual annotation process;
the manual curation effort prompted many of the
additions to the GO database. These annotations are
available from the EBI and GO web sites; the GO web
site (http://www.geneontology.org) includes several
thousand annotations provided by eight contributing
groups.
There has been considerable progress in developing
software tools for browsing, searching, and editing
the GO data. Several new browsers are now available
(http://www.godatabase.org/cgi-bin/go.cgi.
http://ep.ebi.ac.uk/EP IGO I
and http://www.ebi.ac.uk lego/), a tool for editing
directed acyclic graphs (of which GO is an example)
has been developed, and a relational database for the
GO vocabularies is being tested (for the editor and
database see http://www.godatabase.org/dev I).

A hum.an sequence variation
database project
(H. Lehvaslaiho, J. Insana, Y. Chen)
The increase in public single nucleotide polymorphisms has continued steadily. Over 2.5 million unique
SNPs have annotated from over 4 million submitted
ones in the dbSNP database at NCBl. These data have
been reanalyzed and cleaned subset put into our SNP
database, HGBASE. The latest release, #12, from
November 4, contains 984,093 entries. Presenting the
combination of these data sets through Ensembl

genome browser has been a major effort. The fragmented and ever changing state of the human genome
build presents problems to presenting large data sets
of genomic annotations. SNPs originally mapped to a
one genomic clone, contig and chromosome can move
into a new location in the next genome build. We have
build tools that track these changes and, when necessary, remap the SNP location.
The HUGO Mutation Database Initiative (MDI), which
for years have been trying to pull together all known
human mutations, has been discontinued in favor of a
new organization: Human Genome Variation Society
(HGVS). It is hoped that this new, more organization
will be able to function more efficiently.
The HGBASE database has adopted the new name
HGVbase (Human Genome Variation database). This
name change reflects the additional new role of the
database as a central depository for mutation collection
efforts undertaken in allegiance with the Human
Genome Variation Society (HGVS). HGVbase database structure is being modified to include haplotype
and phenotype data.

Publications during the year
Benos, P.V., Gatt, M.K., Murphy, L., Harris, D.,
Barrelt B., Ferraz, C., Vidal,S., Brun, C.,
Demaille, J., Cadieu, E., Dreano, 5., Gloux, 5.,
Lelaure, V., Mottier, S., Galibert, F., Borkova, D.,
Minana, B., Kafatos, F.C., Bolshakov, S., Siden..
Kiamos, I., Papagiannakis, G.! Spanos, L.,
Louis, C., Madueno, E., de Pablos, B., Modolell,
J., Peter, A., Schottler, P., Werner, M., Mourkioti,
F., Beinert, N.,Dowe, G., Schafer, D., JackIe, H.,
Bucheton, A., Callister, D., Campbell, L.,
Henderson, N.S., McMillan, P.J." Salles" C., Tait,
E.! Valenti, P., Saunders, R.D., Billaud, A.,
Pachter, L., Glover" D.M. & Ashburner, M.
(2001). From first base: the sequence of the tip
of the X chromosome of Drosophila melanogaster,
a comparison of two sequencing strategies.
Genome Res., II, 710...730
Hardison, R.C., Chui, D.H., Riemer, C.,
Giardine, B., Lehvaslaiho, H., Wajcman, H. &
Miller, W. (2001). Databases of human hemoglobin variants and other resources at the glo..
bin gene server. Hemoglobinl 25, 183...193
The Gene Ontology Consortium. (2001).
Creating the gene ontology resource: design
and implementation. Genome Res., 11, 14251433
The RIKEN Genome Exploration Research
Group Phase II Team and the FANTOM
Consortium. (2001). Functional annotation of a
full...length mouse cDNA collection. Nature,
409, 685...690
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Holm Group

Computational
functional genomics

Group Leader: Liisa Holm
Postdoctoral fellow: Sabine Dietmann
PhD students: Andreas Heger, Michael
Lappe, Matthieu Louis
Visitors: Catherine White, Narcis FuentesFernandez

In the era of high-throughput and genome-scale studies, categorizing and correlating the huge amounts of
new information with what is already known is an
important task. Structural genomic studies, for example, can quickly generate many new protein structures - so quickly, that biochemical and functional
characterization can lag behind. Since we know from
the theory of evolution that natural selection tends
to conserve protein functions, one of our main research
themes has long been the development of automatic
evolutionary classifiers for protein structures and
sequences. A newer focus is protein-protein interactions, which have become a central topic in bioinformatics for various reasons. In our perspective the most
important points are that protein-interaction maps
provide a clean (and by graph theoretic means computationally graspable) way of describing the postgenomic view of proteins' cellular function. We have
formalized a general approach to generate interaction maps of cellular networks in the presence of huge
amounts of fragmented and incomplete data, and to
derive representations of large networks which hide
clutter while keeping the essential architecture of the
interaction space. This is achieved by contracting the
graphs according to domain-specific hierarchical classifications (such as evolutionary or functional classifica tions). The key concept here is the notion of
induced interaction, which allows the integration,
comparison and analysis of interaction data from different sources and different organisms at a given level
of abstraction. As a practical application, we have
developed a novel, robust algorithm for protein classification which does not require sequence similarity
but works in terms of similarities of protein-protein
interaction patterns. While the high-level analysis of
graph properties can be seen as taking a step back to
see general patterns emerge, the third research theme
seeks generalization based on modelling genetic networks from first principles. Progress reports for each
front follow.

Genetic network l110delling
(Matthieu Louis, with Marceline Kaufman,
Brussels)
In the somatic cells of Drosophila melanogaster, sex
determination is initiated by the action of the so-called
primary signal, a polygenic signal composed of
•

X chromosome-linked gene products present in
either single or double doses in males (XY) and
females (XX), respectively,

•

autosome-linked products, present in equal
amounts in males and females, and

•

maternal gene products present in the egg.

Shortly after the syncytial blastoderm stage and before
gene compensation starts, the molecular compounds
of the primary signal interact and compete for the
formation of transcription factors acting on the establishment promoter of Sxl (Sxlpe)' The double dose of Xsignal elements efficiently activates Sxl production in
females while their single dose leaves gene sxl virtually unexpressed in males. The response of Sxlpe to the
primary signal is transient and lasts until the beginning
of the cellular blastoderm stage. After Sxlpehas become
unresponsive, Sxl pre-mRNAs are constitutively transcribed by a maintenance promoter (Sxlpm); these primary transcripts need to be processed through alternative splicing to make functional proteins. The key
splicing factor involved in this process is Sxl itself.
Since at that stage, all the Sxl proteins present in nuclei
are those previously generated by Sxlpe, the positive
feedback loop on Sxl production can be stably engaged
in females only whereas it remains permanently "off"
in males. By up-regulating several signalling cascades,
Sxl subsequently directs female differentiation and
regulates dosage compensation.
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Figure 1. Qualitative simulation of the temporal evolution of Sxl protein concentration in females and males. The late Sxl primary
transcript is constitutively expressed but will only yield functional Sxl protein if there is sufficient functional Sxl for alternative splicing.
Our theoretical model proposes a mechanism for how the production offunctional Sxl protein becomes permanently switched on in females
and off in males.

[ ... ]

necessitated the introduction of a stochastic modelling
framework. We have been able to capture the action of
the primary signal on Sxlpe in an "activation function"
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Sex determination presents an interesting paradigm for
the regulatory systems that make decisions on the
basis of quantitative differences in the concentrations
of signalling molecules. By modelling the signalling
cascade, we aim to address the following questions:
1. How can small quantitative difference in proteinprotein concentrations be amplified to ultimately select
between developmental fates?

Differential Equations (ODEs). The steady states of
the system were calculated algebraically and numerical simulations were performed to study the nonequilibrium behaviour of the system. Since single
genes cannot be described on the basis of the law of
mass action, the transcriptional regulation of Sxlpe

300
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2. What mechanism(s) ensure the permanent commitment of a system into a developmental fate?
Question 1 has been considered through the analysis
of the primary signal formation and its action on Sxlpee
The formation of the primary signal is mediated by the
heterodimerization of transcription factors. This has
been modelled by applying the law of mass action,
which led us to a system of dozen coupled Ordinary

scription factor binding affinities, steric occlusion
effects) and is not ad hoc. It also spontaneously appears
in the ODE describing Sxl evolution.
Question 2 has been addressed by proceeding as for the
primary signal formation, leading to a proposed model
for the post-transcriptional control of Sxl. We have
demonstrated that the alternative splicing mechanism
mediated by Sxl itself is an efficient strategy to generate a bi-stable switch. This result supports the idea
(commonly found in the literature) that the "memory
mechanism" involved in sex determination relies upon
the auto-regulatory feedback control of Sxl production.
The primary signal formation module, the activation
function <p(A,R) and the alternative splicing module
have been embedded into a integrated model to simulate the system behaviour (Figure 1). The integrated
model presents all the properties of a reliable switch.
Importantly, numerical simulations yield results that
reproduce the experimentally observed effects of gene
dosage in a wide variety of mutant phenotypes, including some baffling ones.

' - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 259 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - '

EMBL 2001 Research Reports

Figure 2. Protein classification by embedding interaction patterns in a graph of the interactome. Nodes represent classes of proteins and
edges between nodes represent protein-protein interactions. Left: only the interaction partners ('friends', in darker shade) of a query
protein ('?') are known. Right: the most likely assignment of the query protein in the graph representing the whole interactome is a node
which is most the 'friend of the friends' of the query protein.

Interactoll1ics
(Michael Lappe and Sabine Dietmann)
Protein-protein interaction graphs are a means of operationalising protein function in a computationally
clean way. The classical bioinformatic paradigm is
that similar sequences imply a similar structure and
function. A new class of 'non-homology' inference
algorithms exploits context information (i.e. interaction
patterns) to predict protein folds, subcellular location, biochemical function and cellular roles. Since
they do not rely on homology, 'non-homology' methods are able to perform predictions for proteins that
show no significant sequence similarity to any characterized protein in the databases. We have devel-

oped a robust method (EMBed) for protein identification based on interaction-pattern matching using
noisy Y2H data. Algorithmically, protein class assignment is here mapped to a maximum-flow problem in
the interactome graph (Figure 2). This method currently predicts protein folds at 50% (correct assignment
at rank 1) to 90% (correct assignment at rank 1-5) accuracy without any requirement of detectable sequence
similarity of the query protein to a protein of known
structure. We used this algorithm to compile a list of
structural assignments for previously unassigned
genes from yeast.
Although recent large-scale yeast-two-hybrid screens
attempt to unveil the whole yeast interactome, our
knowledge about protein-protein interactions is far

from complete. One can estimate that at most half of
the yeast interactome has been touched by experimental techniques like yeast-two-hybrid screens. In an
attempt to narrow the gaps of our knowledge about the
interactome, we have tapped into scientific literature
as a source of information with the aim of predicting
novel interactions in the yeast Saccharomyces cerevisae.
The main idea behind the method we have developed
is to view literature as a conceptual space, and to predict protein-protein interactions based on the co-occurrence of gene names in the same document. The cooccurrence of a pair of gene or protein names indicates
a functional association between these proteins. The
strength of the association was measured by mutual
information content. Calibration against the DIP database showed 28% reliability with 45% coverage of the
experimentally determined interactions, which is comparable to the accuracy of the yeast-two-hybrid
method. Application to predict novel interactions for
the whole yeast proteome roughly doubles the coverage of the yeast interactome as presented in DIP. Thus
the approach represents a useful algorithmic procedure
for information extraction for other organisms. The cooccurrence model is a general method with respect
to the definition of "context" and can be applied to
many other sources of context-associations between
proteins beyond the electronically available literature.
We are looking forward to verify in how far the strongly connected components within our predictions can
be identified as real protein-complexes experimentally (collaboration with Cellzome GmbH).

Structural genoll1ics
(Sabine Dietmann and Narcis FuentesFernandez)
Structural biology and structural genomics will produce many 3D protein structures in the near future.
You can hypothesize about the function of these pro-
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Figure 3. Identification of homology in protein structure classification. First, a map offold space is derived by all-against-all structure
comparison. Then, folds are partitioned into superfamilies based on functional similarities.

teins on the basis of their structures, by examining
their similarities and potential evolutionary relationships with other, well-characterized proteins.
Unfortunately, correct functional and evolutionary
classification of a new structure is difficult for distantly related proteins and error-prone using simple

statistical scores based on sequence or structure similarity. Therefore this task is commonly performed,
inefficiently, by human experts. We have developed an
algorithm that automatically assigns evolutionary
relationships through structural similarity.
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Our method is based on the principle that natural
selection maintains structural and functional continuity within a diverging protein family. Proteins which
are descendants of a common ancestor are more likely to remain in the immediate structural neighbourhood of each other than are proteins which have independent evolutionary origins. This is true even if the
unrelated proteins have converged to the same fold
type, because divergent proteins are more similar in
architectural details due to common functional constraints which affect for example the geometry of an
active site. The key problem of different rates of structural divergence between different families is solved
in two steps. First, structural similarities are used to
produce a global map of folds in protein space.
Structure similarity is quantified using our Dali algorithm. Second, fold neighbourhoods are further subdividing into superfamilies based on functional similarities (Figure 3). Functional similarity is quantified
using supervised learning and a neural network that
takes a heterogeneous set of functional attributes as
input.
Importantly, the assignments from the algorithm agree
reasonably well with those made by authoritative
human experts. In a validation test against a classification by human experts (SCOP), 77% of homologous
pairs were identified with 92% reliability. We have
demonstrated that the automated approach is helpful
in providing functional hypotheses that can be tested
experimentally. An evolutionary analysis report is
being incorporated into the Dali server.

Sequence analysis
(Andreas Heger and Catherine White)
Evolutionary classification leads to an economical
description of protein sequence data because attributes
of function and structure are inherited in protein families. All-against-all sequence comparison using Blast
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reveals highly overlapping sequence neighbourhoods.
Overlaps are reduced by clustering similar domains
into families. For maximum unification, we must reach
deep into the twilight zone of sequence similarity
using sensitive and selective profile-profile comparisons. Families unified through a short conserved
sequence motif are associated with multiple full-length
alignments describing different subfamilies. The goals
of completeness and maximum unification distinguish
our approach from related ongoing efforts in other
EMBL research groups. The past year has been spent
on further benchmarking and refinements to the algorithms for repeat detection, domain cutting and remote
homologue detection, and integrating external information such as taxonomic and functional classifications with the sequence relationship databases. As a
result, we have a convenient platform for carrying
out case studies into the evolution of individual families.
One such case study concerns the urease-like amidohydrolase superfamily, which was first identified
based on structural similarities between urease, adenosine deaminase and phosphotriesterase (Holm &
Sander, 1997) and has become a paradigm for genomics
in general. Here is a superfamily with at least a dozen
known member families which have less than 15%
sequence identity between them and diverse functions. A histidine-rich motif HxH-H-H-D, spread
sparsely over a characteristic ellipsoidal
barrel,
unites the diverse sequences. This motif forms the
active site, where the common reaction catalysed by
the superfamily is metal-assisted hydrolysis of various
substrates, although catalytic activity has been lost
in some members. Low sequence identity prohibits
accurate family unification by simple statistical models based on sequence similarity alone. We have revisited this superfamily five years after the initial study
exploiting larger databases and more advanced analysis tools.

The more comprehensive coverage of sequence space
by the rise in completed genomes led to the identification of 8 new member families. The expansion of the
superfamily was achieved through two parallel walks
in sequence space, starting from known members and
identifying new sequence neighbours of high identity and/ or displaying the signature motif of the ureaselike superfamily. For example, a corrected multiple
alignment revealed the unambiguous presence of the
urease-like signature pattern in the large and diverse
PHP superfamily. Hypothetical links to potential
superfamily members were further substantiated by
checking that motifs corresponded to the correct protein fold as deduced using secondary structure prediction tools.
Data from different species targeted by complete
genome sequencing also led to the addition of new
members of unknown function to the superfamily. In
order to get some clues about their possible functions,

we examined their position in the evolutionary tree of
the superfamily and conducted principal components
analysis to identify specificity determining residues.
Changes in functional specificity tend to occur suddenly on an evolutionary timescale, so whilst all members of a subfamily share the same specificity-determining residues, members of different subfamilies
will not. Therefore functional residues remain highly
conserved within subfamilies and segregate along the
main directions of divergence in sequence space.
Finally, a hypothetical evolutionary path of the entire
superfamily was derived using parsimony arguments.
This offered more insight in finding a progenitor or
'root' for the superfamily and highlighted points in the
evolution of particular phyla where new families have
arisen or been discontinued. For example, families
present in all kingdoms of life are found near the root,
while pesticide degrading activities have opened new
ecological niches for bacteria.

Services
Name

URL

Content

Dali server

http://www.ebi.ac.uk/dali

3D structure comparison

Dali

http://www.ebi.ac.uk / dali / domain

Evolutionary classification of domains

MaxSprout

http://www.ebi.ac.uk/ dali Imaxsprout

Full-atom (re)construction from Ca trace

Nrdb90

ftp: / Iftp.ebi.ac.uk/pub / databases /nrdb90

Representative protein sequences
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Dietmann, S. & Holm, L. (2001). Identification
of homology in protein structure classification.
Nat. Struct. Bio!., 8, 953-957
Dietmann, S., Park, J., Notredame,C., Heger,
A., Lappe, M.& Holm, L. (2001). A fully automatic evolutionary classification of protein
folds: dali domain dictionary version 3. Nucleic
Acids Res., 29, 55-57
Heger, A. & Holm, L. (2001). Picasso: generating a covering set of protein family profiles.
Bioinformatics, 17,272-279
Holm, L. & Sander, C. (2000). Locating domains
in 3D structures. In "International Tables for
Crystallography, Volume F Crystallography of
Biological Macromolecules, Rossmann, M.G.
& Arnold, E. (Eds.), Dordrecht, Kluwer
Academic Publishers, pp 577-578
I
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Lappe, M., Park, J., Niggemann, O. & Holm, L.
(2001). Generating protein interaction maps
from incomplete data: application to fold
assignment. Bioinformatics, 17, S149-S156
Park, J., Lappe, M. & Teichmann, S.A. (2001).
Mapping protein family interactions: intramolecular and intermolecular protein family interaction repertoires in the POB and yeast. J. Mol.
Biol., 307, 929-938

Other references
Holm, L. & Sander, C. (1997). An evolutionary treasure: unification of a broad set of amidohydrolases related to urease. Proteins, 28,
72-82
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Ouzounis Group

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.

Algorithl11 developl11ent
(Anton Enright)

Computational
.
genomlcS

Group Leader: Christos Ouzounis
Scientists: Richard Coulson, Sophia Tsoka
Postdoctoral Fellows: Benjamin Audit*,
Ildefonso Cases*, Paul Janssen
PhD students: Nikos Darzentas*, Anton
Enright, Victor Kunin
Visitors: Joannis Iliopoulos, Jose Manuel
Peregrin-Alvarez

* indicates part of year only
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The field of computational prediction and analysis of
protein interactions is maturing rapidly, with all the
available information from RNA and protein chip
experiments and the availability of powerful bioinformatics algorithms (Enright and Ouzounis, 2001a).
We have continued our work with the prediction of
protein interactions using gene fusion analysis. We
have applied our algorithm DIFFuSE, across 24 entire
genome sequences, detecting 7,224 single-domain
("component") proteins that match 2,365 multi-domain
("composite") proteins. Thus, we were able to generate
39,730 component pairs which are predicted to be
involved in similar cellular processes (Enright and
Ouzounis, 2001c). These predictions are also tested
against gene-expression and protein-interaction highthroughput experimental data. In addition, we developed an automatic graph layout algorithm, called
BIOLAYOUT, based on the Fruchterman-Rheingold forcedirected node placement algorithm, to visualize any
kind of biological similarity data, such as protein family relationships (Enright and Ouzounis, 2001b). We
have also developed a new algorithm, called TRIBEMCL, for the clustering of arbitrarily large protein
sequence datasets, such as the human genome or even
the non-redundant protein sequence database. This
algorithm is based on the Markov Cluster Algorithm
(MCL) for flow simulation in graphs (Enright et al.,
submitted). Its performance in terms of speed and
quality of family detection is quite impressive. We
are in the process of exploring more precise metrics for
similarity information and eliminate noise from
'promiscuous' domains.
---------------------
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Genol11ics databases
(Paul Janssen, Sophia Tsoka)
Last year, we have reported on the continuing
development of GENEPOOL/GENELINGUA, the ontologydriven genomics knowledge base prototypes,
implemented in parallel using two frame-based
knowledge representation systems, OCELOT and
ONTOLINGUA respectively. These "very large knowledge
bases" (VLKBs) are composed of tens of thousands of
objects and provide a rich environment for genomics,
allowing both browsing and querying. We have used
this knowledge base technology via EcoCYc, coupled
with our sequence clustering program GENERAGE, to
analyze the relationships between enzyme families
and reaction specificities, for the known metabolic
complement of Escherichia coli. We have found that
the 548 enzymes are clustered into 408 protein families,
of which 75% contain monofunctional enzymes and
59% are 'confined' within a single pathway (Tsoka
and Ouzounis, 2001). To track down the release and
availability of entire genome sequences that are being
produced, we have developed a simple genome
sequence / annotation da tabase, called COGENT
(Complete Genome Tracking) - previously codenamed
CGD. The database holds information about the
particular genome projects as well as the encoded
protein sequences and is implemented in mySQL.

Text l11ining
(Anton Enright, Ioannis Iliopoulos)
We have developed a document clustering protocol,
called TEXTQUEST, which can be used for keyword discovery, content analysis and ontology induction in
the field of molecular biology (Iliopoulos et al., 2001).
Document clustering may also be used as a filter for
more sophisticated natural-language processing steps
downstream, for example the discovery of relation-
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ships based on verbs. The protocol accepts a large
number of documents as input and generates clusters of related documents on the basis of their shared
terms. The system uses a complex reasoning procedure
to eliminate common terms from the English language
and clusters MedLine abstracts on the basis of the
most discriminant terms. In spirit, it is similar to the
'Related Articles' mechanism in PubMed at the NCBI
(US National Library of Medicine).

Genom.e analysis
(Benjamin Audit, Ioannis Iliopoulos, Paul
Janssen, Sophia Tsoka)
HP1219

NP12{)8

Helicobacter pylori

HPH931 HPi i94

jhpJ98J
jhpJ9S'
jhpJ9ffi
jhpJ954
jhp:r3e3
jhpJ9..:B
jhpJ945

HPi0C6
HPiOO5
HPio:e.
HPiOC£
HPiOOi
HP0994

L

•

jhpJ945
jhpJ944
jhpJ94)
jhpJ940
jhpJ934
jhpJ933
jhpJ932

jhp:r.:0J
jhpJ928
jhpJ927
jhpJ926
jhpJ925
jhpJ924
jhpJ920

HP0993
HP0986
HP0985
HP0984
HP0982

-----.----------------------------------------------------------------

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 sequence analysis
and annotation. More than 60 species have now been
analyzed, including yeast and fly, comprising over
150 Gbytes of raw data (in preparation). This resource
represents one of the largest genome information databases available in the public domain, providing
detailed annotation reports for over 150,000 single
genes. In parallel work, we have compared the automated annotations with our own expert manual analysis for Chlamydia trachomatis serovar D (Iliopoulos et al.,
submitted). Finally, we are exploring the vast amounts
of data generated by GENEQUIZ, deploying relational database technology. We have also developed a
model to understand the dynamics of error propagation in databases (in preparation). Finally, we have
performed genome-wide profiling of specific protein
classes such as the SR-repeat proteins (Boucher et al.,
2001) and the ion channels (Harte and Ouzounis, 2001)
across a number of species.
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Functional genom.ics
(Ildefonso Cases, Richard Coulson)
We have now fully automated our work on functional genomics, using a combination of keyword and
We have obtained all transcriptIon-assocIated proteins (TAPs) from the public databases, including their sequence, taxonomic status and
database annotations. By clustering this dataset using
GENERAGE and TRIBE, we have generated approxirnately 300 families of known transcription factors
and classified them into major phylogenetic taxa
(Coulson et al., 2001). We are evaluating the performance of this protocol, provisionally called GENETEXT,
using expression data, annotations from the yeast
database SGD and classification schemes from the
transcription factor database TRANSFAC. Ways of representing information on protein complexes and other
functional associations are being explored with case
studies using knowledge base technology. We expect
that some of key gene regulation networks in bacteria
will be represented and analyzed using a combination
of algorithms and databases.

Genom.e com.parison
(Benjamin Audit, Paul Janssen, Victor
Kunin, Jose Manuel Peregrin-Alvarez)
We are developing scale-independent methods for
genome structure comparison and dynamics that are
able to detect similarities at any scale of observation
distance. In particular, assessing the
dIstrIbutIon of features along circular chromosomes
(for example from Archaea or Bacteria) requires the
adaptation of significance tests from the field of directional statistics. We have compared the genome
sequences of two strains of Helicobacter pylori and
detected 162 strain-specific genes, using full genome
clustering. Despite superficial differences with respect

to their positional distribution, the analysis suggests
that bacterial genomes are actually highly constrained
and gain (or loss) of genes might occur at particular
only (Janssen et al., 2001). Furthermore, comparIng genomes using amino acid composition allows
the detection of thermophilic species, suggesting that
the genome-encoded protein sequences contain sufficient information for thermoresistance (Kreil and
Ouzounis, 2001). Finally, we have developed methods
that p.rofile the phylogenetic distribution of any given
proteIn sequence collection, such as the metabolic
complement of a single genome (Peregrin-Alvarez et
al., submitted). This method can be highly constrained
using phylogenetic trees to detect gene acquisior loss across different nodes of the tree (in preparatIon).

Bioinform.atics policy issues
Associate Editor for 'Bioinformatics' published by
OUP and 'Biosystems' published by Elsevier. Coorganizer of the BRIE (Biological Research with
Information Extraction) satellite workshop on text
mining during the ISMB conference in Copenhagen.

WWWSite
More information on all our projects is available at the
web site at www.ebi.ac.uk/research/cgg/
(alIas: www.genomes.org).
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Wilmanns Group

Biological
crystallography with
synchrotron radiation

Group Leader: Matthias Wilmanns

Our group is interested in research in molecular structural biologYI using the synchtrotron radiation beam
lines at EMBL Hamburg and employing our structural data for exploring the functional roles of these biomacromolecules within the cell or the organism. We are
attempting to link our research interests with the novel
possibilities emerging from the knowledge of
sequenced genomes. We are currently investigating six
research areas of which two are highlighted in this
report. Recent results on other projects are described
within the references.
l

•

Domains and domain/ligand complexes from the
muscle protein titin.

•

Structural basis of the protein import into peroxisomes via the PTS1 receptor.

•

Regulation of activity of transcription factors.

•

Signalling by members of the calcium/ calmodulin dependent protein Ser /Thr kinases.

•

Signalling by modular SH3 domains in yeast.

•

Evolution and catalytic mechanisms of proteins
involved in metabolic pathways.

Staff Scientist: Young-Hwa Song*
Postdoctoral fellows: Christos Colovos*1
Olivier Goncalves*1 Anni Linden Johan
Nissen*1 Cristina Vega-Fernandez Martina
WalkerI Peijian Zou
l

l

PhD students: Alice Douangamath
Francisco Fernandez Perez Simone Muller
Attila Remenyi Will Stanley
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Technicians: Katja Schirwitz
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The transcriptional activity of Oct-Ion the octamer
motif in B-cells is regulated by the lymphoid-specific
co-activator OBF-1 by clamping the POD H and PODs
sub-domains together and thus enhancing their DNA
binding affinity. Recent data from the collaborating
group (Hans Scholer Dniv. Pennsylvania, previously
EMBL) revealed the Oct-1 dimer formed within
immunoglobulin heavy chain promoters (VH) fails to
interact with OBF-1. In contrast the Oct-1 dimeric
complex formed by recognition element for osteopontin expression can interact and synergize in transcriptional activation with this co-activator. These
findings established the paradigm of differential transcriptional regulation mediated by two distinct POD
dimer configurations (Tomilin et al.I 2000).
l

l

l

l

Visitors: Larissa Consani-Santos Katrin
Lochner Gavin Murphy, Nikos Pinotsis
Annette Roeben, Jana Schroth Husseyin
Uysal

* indicates part of year only

Regulation of transcription
factors by protein-protein
interface swapping

family. Members of this family are involved in a broad
range of biological processes ranging from housekeeping gene functions (Oct-I) to programming of
embryonic stem cells (Oct-4) and the development of
immune responses (Oct-II Oct-2). However according
to the latest global sequencing reports human flYI
and worm genomes encode only IS, five and four
POD factors, respectively. Therefore, members of this
transcription factor family need to rely on multilevel
control mechanisms such as post-translational modification interaction with heterologous transcriptional regulators and flexible DNA binding to perform
these multiple tasks. The flexibility inherent to members of the POD factor familYI is conferred by a linker
joining the POD-specific (PODs) and the POD-homeo
domain (POD H ). This linker is variable both in
sequence and length (15-56 residues). Since both
domains are structurally and functionally autonomous
in DNA-binding various arrangements on DNA are
possible.

The functional properties of a wide range of transcription factors are altered by conformational changes
induced by activators repressors and specific receptor
ligands. At the structural level, these changes often
lead to the formation of additional helices, reorientation of loops and rearrangements of hydrophobic
cores. We chose to study the structural mechanisms of
regula tion of transcription of the prototypic factor
Oct-1 that belongs to the POD transcription factor
l

--.---.--------------------------.-------------------------------------------

To elucidate the structural basis of this phenomenon,
we have solved two crystal structures of the Oct-1
DNA binding segment bound to two different DNA
binding elements called MORE and to the PORE that
I

I
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Figure 1. An artistic cartoon, based on the X-ray structures of the Oct-ljMORE and Oct-ljPORE complexes, how this transcription
factor could associated with specific DNA response motifs. The image has been prepared by Ansgar Phillipsen, University of Basel.

mimick the V H and osteopontin recognition sites
(Mayans et al., 2001; Hocker et al., 2001). By direct
comparison, these structures demonstrate how the
same polypeptide chain can form two different dimer
arrangements with two distinct protein/protein dimerization interfaces. These data introduce the concept of
distinct transcription factor dimerization that depends
on the sequence and the spacing of the protein domain
binding motifs of the DNA response element. Thus, it
extends previous models of protein-DNA complex
formation mediated by ligand induced allosteric
effects. Our results demonstrate how transcriptional
L

.

..

.

report, we described the (pa)s-barrel structures of
HisA and HisF (Lang et al., 2000). Our sequence and
structure analysis allowed to propose a common evolutionary pathway of these two enzymes, comprising
three steps: (1) duplication of half-barrel genes, (2)
diversification into an ancestral barrel with broad
functionality, (3) a second gene duplication step leading to diversification of the extant (pa)s-barrel enzymes
HisA and HisF. The knowledge of these structures
provided the basis for new approaches in biotechnology. The group of Reinhard Sterner at the University
of Cologne succeeded to engineer TrpF activity in a
TrpF knock out strain from Thermotoga maritima by a
random mutagenesis approach. The directed evolution
experiment demonstrated that one single residue
mutation is sufficient to generate TrpF catalytic activity from HisA. These data have been reviewed and
summarised in (Henn-Sax et al., 2001; Hocker et al.,
2001).

Multiple signalling pathways in
bifunctional glutaminasesynthase complexes

More recently we turned to the elucidation of the catalytic mechanism of one of three two enzymes, HisF or
imidazole glycerol phosphate synthase, which forms
a bifunctional complex with yet another enzyme of the
histidine biosynthesis pathway, the glutaminase HisH.
The HisF-HisH complex catalyses a cyclisation reaction
of a pathway intermediate, called 5'-PRFAR, which
includes the addition of an ammonia group. Since
reactive ammonia is not available under physiological
conditions, in a number of metabolic reactions the
amino acid glutamine is used as a source for the incorporation of nitrogen. These reactions are catalysed by
so-called glutamine amidotransferases (GATases), in
which the glutaminase activity is coupled with a subsequent synthase activity that is specific for each member of the enzyme family. In the case of the ImGP synthase, it consists of a class-I HisH glutaminase and a
(pa)s-barrel HisF cyclase, which receives ammonia
from HisH.

Histidine biosynthesis is carried out by eleven enzymatic reactions using ATP and PRPP. In the previous

In order to elucidate the molecular mechanism of this
coupled bienzyme-reaction, we have recently solved

activity can be regulated by swapping protein/protein
interfaces between different quaternary arrangements
of POU factor /DNA complexes (Figure 1).

---.----------------------------------.-------.-------------.-------------------
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Figure 2. Overall structure of the ImGP synthase bienzyme
complex, in which the HisF cyclase subunit is in yellow/orange
and the HisH glutaminase subunit is in blue/cyan. In the right
panel, the putative path for ammonia between the active sites of
HisH and HisF is indicated by a number of spheres. A number of
catalytic key residues and the two phosphate ions bound to the
HisF active site are indicated by balls and sticks. (See CD-ROM
or on-line version for full colour graphic.)

the X-ray structure of the ImGP synthase bienzyme
from the hyperthermophile Thermotoga maritima at 2.4
A resolution (Fazi et al., 2001). Its structure shows that
the HisH glutaminase subunit is associated with the Nterminal face of the central
of the HisF cyclase
subunit (Figure 2). The complex reveals a putative
tunnel for the transfer of ammonia over a distance of
25 A, of which the larger part is formed by the interior of the central
of HisF. The structure of the
ImGP synthase suggests a mechanism for coupling
of the glutaminase and cyclase activities and for the
tunnelling of ammonia within the bienzyme complex.

Although ammonia tunnelling has been reported for
other GATases, the ImGP synthase has evolved a novel
mechanism, which extends the known functional properties of the versatile
fold.
Recent data suggest that in the ImGP synthase complex
there are probably three signalling pathways linking
the catalytic activities of the two active sites (Figure 3),
which, despite the knowledge of its three-dimensional structure, are only poorly understood. The most
obvious pathway is for the transport of nascent and
reactive ammonia from the glutaminase (HisH) active

site to the cyclase (HisF) active site. Despite the structure only suggests a single plausible pathway across
the HisF
in the available inactive conformation it is blocked by a salt-bridge cluster within this
barrel. Furthermore, there is accumulating evidence
from spectroscopy and mutagenesis data (R. Sterner,
personal communication) that there is cross-activation of HisF and HisH catalytic activities, by binding
of the HisH (glutamine) and HisF (5'-PRFAR) substrates, respectively. Our future aim is to provide a
molecular mechanism for the triple signalling pathways within the HisH-HisF bienzyme complex.
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Glu+NH3
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Figure 3. Structural model of the reaction cycle of ImGP
synthase. (A) In the inactive conformation of the bienzyme
complex, the HisH subunit is docked to the N-terminal face of
the HisF subunit in a conformation that allows access of
glutamine to the active site. Binding of the substrate PRFAR to
the HisF active site triggers a signal that is transmitted to the
HisH-HisF interface, leading to sequestration of the HisH active
site from solvent and opening of the ammonia tunnel across the
HisF (f3a)8-barrel. Ammonia, which is the product of the HisH
glutaminase reaction, is then transferred via the putative (f3a)8barrel tunnel to the active site of HisF, where it reacts with
PRFAR to yield ImGP and AICAR. After release of the HisF
products, the conformation of the HisH-HisF complex returns to
its inactive state. The following symbolic objects are used: HisH
subunit, pink rectangle; (f3a)8-barrel HisF subunit, blue barrel;
glutamine (HisH substrate) and glutamate (HisH product),
orange rectangle; PRFAR, cyan dump-bell; ammonia, green
sphere. Red arrows represent signal transfer from HisF to HisH
(B), and ammonia transfer from HisH to HisF (C). The figure
has been prepared by Petra Riedinger, OIPA, EMBL. (See CDROM or on-line version for full colour graphic.)
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The Rem.odeling of Fan K at
DORIS III

Hermes Group

Hamburg
Instrumentation
Group
Group Leader: Christoph Hermes
Technicians: Thomas Gehrmann, Doris
Jahn*, Robbert KHiring, Viktor Renkwitz*,
Bernd Robrahn, Uwe Ristau*, Tim
Siambanis

The remodeling of Fan K was the main activity of the
Instrumentation Group at the Hamburg Out-station
during 2001. As mentioned in last year's report we
were planning to reconfigure the entire set-up of the
Protein Crystallography (PX) beamlines on Fan K,
which receive their radiation from a bending magnet
of DORIS III.
The most significant changes anticipated were a
rearrangement of the fixed wavelength beamline X13
symmetrically to XII on either side of the future MAD
beamline X12 and a complete rebuild of major components of XII. Figure 1 shows the layout of the new
EMBL beamlines on Fan K. The entire operation started at the end of 2000 and proceeded in various steps
throughout most of the year 2001. Minimal disturbance of the user operation was a prime objective.
Some of the interme-diate stages of the rebuilding
will be described.

0.80A) beam lines XII and X13 on either side of the
MAD line X12, major building and infra-structural
rearrangements had to be carried out. Figure 2 shows
the cleared out Fan K area.

Reinstallation of Fan K
Apart from keeping the concept of sharing the white
radiation delivered to Fan K by 3 stations, all essential
components of these 3 beam lines had to be redesigned,
constructed and built from scratch. As mentioned
above, the entire layout was changed, old vacuum
vessels were modified and new one's had to be
designed and built. The optical components inside

Dism.antling of Fan K
Immediately following the shut down in autumn 2000
the entire Fan K was dismantled. This meant in particular clearing out the optics hutch, which housed
not only the monochromators and mirrors of stations
XII, X12 and X13 but also pumping units, support
structures, vacuum vessels and radiation safety equipment. Only the beam-pipe with its Beryllium window
remained through which DORIS delivers X-rays.

* indicates part of year only
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Only some of the components were stored for later use
in the new beam lines. By the end of 2000 the former
Fan K area was completely empty and the reconfiguration of the radiation shielding walls was started.
Since we planned an entirely symmetric arrangement
of the two high intensity, fixed wavelengths (approx.
---.---------.---------------------------.-.-----------------.----.----------

Figure 1. Floor plan of the remodeled Fan K area. Key optical
components are indicated. Mo: Monochromators X13/ Xll. Mi:
Vertically focusing mirrors. Dmo: Double Monochromator X12.
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In a later step the segmented quartz mirror of beamline XII was replaced by a Rh-coated continuous mirror identical to the one already successfully used in
X13. Additionally, we improved the cooling scheme of
the XII monochromator. Now the lower part of the triangular Si (111) crystal dips into a liquid metal alloy
(Galinstan), which is contained in a water-cooled stainless steel trough. Due to the far superior heat transfer
characteristics of this scheme, the temperature of the
monochromator crystal now stays within acceptable
limits. Immediately after a new injection of DORIS
with l50mA of current we measured 70°C, instead of
270°C for the old scheme. The monochromator is
shown in Figure 6.

, Figure 2. The empty optical hutch of

Fan K. In the background the DORIS
tunnel wall and the front end of the
beam-pipe originating at the bending
magnet are visible.

these containers i.e. mono-chromators, mirrors, slits as
well as the mechanical systems to move and align
them are entirely new. Vacuum compatibility plus
radiation hardness were important design criteria for
these devices. Ion-getter pumps replaced the old vacuum system, which was based on a combination of rotary- and turbo molecular pumps.
A microprocessor controlled vacuum interlock system with greatly enhanced flexibility was installed
and the old CAMAC based stepper motor control system was substituted by a modern, PC-based design on
beamlines XII and X13. This new system offers superior control options and by far greater flexibility in the
choice of motors. At the same time we the beamline
control and align-ment programs were rewritten in

Labview.

L-

The status of Fan K
During the first months in 2001 the new components
were assembled, tested and transferred to their final
destination in the respective beam lines. The front
ends of XII and X13 comprising the vacuum infrastructure, slits, intensity monitors, water-cooling systems and monochromators were assembled and went
through their final test phase, which also included
intensive testing and debugging of the new control
software. Finally, during summer 2001, the crystallographic end stations of XII and X13 were put back in
place and user operation on X13 could resume.

As a result of the combined improvements of the vacuum system, of the mechanical set-up and, most
importantly, of the X-ray optics, we could achieve a
more than 3-fold increase in photon flux on both beamlines. Since autumn 2001, XII is routinely used again
for Protein Crystallographic data collection.
The design of X12, the future MAD beamline, has
been completed and essential parts are already available. During the winter shutdown 2001 we hope to set
up the vacuum container for the double monochromator system as well as other major optical components. First tests will then be per-formed in early 2002.

Acknow ledgelTIen t
The rebuilding of X13 was supported by the 1MB (Jena)
through a grant of the Land Thuringen and by the
University of Hamburg through a grant of the German
Federal Ministry of Education and Research (BMBF).

The new front ends of XII & X13 are shown in Figure
4. Figure 5 depicts details of the X13 crystallo-graphic end station.
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Figure 3. Various stages during the reconstruction of Fan K. a)

(upper left) The making of concrete foundations. b) (lower left)
Installation of the X13 mirror tube. c) (below) The XlljX13
monochromator vessel is lifted in place.

Figure 4. Looking down into the common vacuum vessel of the
X13 (top) and Xll (bottom) monochromators. Incoming white

radiation is defined by water-cooled tungsten slits (left) before it
reaches the 2 triangular monochromator crystals. The central
portion of the radiation fan - the future X12 - is captured by a
moveable beam stop.

L--
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Publications during the year
Pohl, E., Gonzalez A. , Hermes, C. & van
Silfhout, R.G. (2001). 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., 1113-1120

Figure 5. Details of the X13 crystallographic endstation. Shown

are - from right to left - the collimation system, video
microscope, cryogenic-cooler, phi-rotation axis and the 2dimensional CCD detector mounted on its horizontal
translation stage.

Figure 7. The optical hutch of Fan K (Sept. 2001). From left to
right: XlljX13 monochromator vessel covered with radiation
shielding and Xll mirror tube. The location of the future X12

monochromator will be approx. behind the ion-getter pump of
the mirror tube.

Figure 6. The Xll monochromator. The triangular crystal dips

into liquid metal contained in a water-cooled stainless steel
trough. The vertical pin used for bending and the moveable X12
beam blocker can be seen.
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systems
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The activities of the group continued, albeit with lower
intensity than in previous years. This resulted among
others from the inevitable non-reversing collateral
effects of quarter of a century of difficult working
conditions. The research topics, besides the many
applications - development of data analysis methods
in D. Svergun's team and of a data acquisition system
for delay line detectors based on space-time-space
conversion - have been pursued. In the circumstances,
work on biological or other systems is done solely in
collaboration with outside groups.
The EMBO Practical Course on Solution Scattering
from Biological Macromolecules (September 5-14)
partly sponsored by EU Round Table on Synchrotron
Radiation and organized by D. Svergun and R.
Willumeit (GKSS Research Center, Geesthacht) was
attended by 40 participants. The material of the course,
which covered the basics of X-ray and neutron scattering, mathematical methods, instrumentation, data
collection, modeling and the use of data analysis programs, can be downloaded from the EMBL Website
(http://www.embl-hamburg.de/workshops 120011
EMBO/materials.html). At the end of the course the
students reported the results of the analysis and modeling of the data from their own samples, which they
had previously measured at the beamline.

Space-til11e-space conversion: the
TSC-I002
(with C. de Raad Iseli, T. Reimann, Smart
Silicon Systems, Lausanne; F. Golding,
Lancaster; A. Gabriel, EMBL-Grenoble)

* indicates part of year only

l

.

The final step towards the practical application of the
time-space conversion (TSC) for the readout of gas
proportional detectors has been made with the production and test of the TSC-1002 module. In contrast
with the ASICs in the TSC-1001 described in last year's
---.--------------------------------------------------------------------------

report, those in the new device do not have the counters on the chip and can thus also be used for readout
of area detectors. Figure 1 illustrates the better rejection of uncorrelated signals by the TSC - and thus
more accurate data - compared to a conventional TDC
equipped with a rejection scheme based on the cathode
signals only.
The additional delays required for the readout of continuous delay lines (de Raad et al., 2001) were provided by a purpose-built module, the DL-1001. The
first detector with segmented delay lines (8 segments
of 20 ns) was also successfully tested. The best proof
that instruments work lies, of course, in their use for
real measurements and the first manuscripts reporting
results of projects carried out with the new system
are in press (Unruh et al., 2002). These developments
were made as part of the PASERO project funded by
the European Community, which also terminated this
year.

Data analysis methods
(with V. Volkov, P. Konarev and M.
Petoukhov, Institute of Crystallography,
Moscow)
New and faster Wintel-based versions of the programs
DAMMIN (Svergun, 1999) and GASBOR (Svergun et
al., 2001) for ab initio analysis of shape and domain
structure of macromolecules were produced. The programs now also allow to impose symmetry (P2 to P6
and P22 to P62) and display the current structure and
fit to the experimental data during minimization.
A Wintel-based program (PRIMUS) with a menu-driven graphical user interface for primary solution scattering data processing was also developed. The analysis tools include plotting and fitting, averaging, subtraction, multiplication/ division, merging, extrapolation to zero concentration, Guinier and Porod analy-
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4.0

folds of the missing domains and loops. Another program, CREDO, adds domains to low resolution structural models in the form of a chain-like distribution of
dummy residues without specific residue information. The programs are being tested on simulated
structures and in several ongoing projects.
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Figure 1. Comparison between scattering patterns of Ag-behenate collected in identical conditions with a conventional TDC and the TSC1002. The ratio illustrates the better rejection properties of the TSC-1002. The slight differentiation effects at higher angles are due to
imperfect regridding of the data.

sis. The ASCII output files can be directly used for
further analysis using the programs GNOM (Svergun,
1992), DAMMIN (Svergun, 1999), GASBOR (Svergun
et al., 2001), CRYSOL (Svergun et al., 1995), MASSHA
(Konarev et al., 2001), which are installed on a
Windows 2000 machine at the X33 beamline and are
routinely employed by the users.
Several algorithms developed to add missing loops or
domains to high and low resolution macromolecular
models were implemented in computer programs. For
high resolution crystallographic models of proteins the
methods permits to add e.g. disordered loops not seen
in the crystal or portions of the structure removed
L_.

.

.

...

genetically to facilitate crystallization. The programs
CHADD and GLOOPY complement the available high
resolution models by adding the loops or domains at
appropriate location(s) along the polypeptide chain so
as to fit the solution scattering data. The program
CHADD represents the missing loops/ domains in
terms of free residues described by their Ca-positions,
connected by spring forces along the chain subject to
excluded volume constraints. The program GLOOPY
employs additionally residue-specific information
(hydrophobicity, Huang et al., 1995, knowledge-based
potentials, SippI, 1990), as well as restrained distributions of Ca-Ca-Ca angles and Ca-Ca-Ca-Ca dihedral angles (Kleywegt, 1997), to construct native-like

-----------.---------------------

The selection of applications presented below illustrates the range of systems that are being investigated.
Additional information on some of the projects can be
found in the HASYLAB Annual Report. An exhaustive
list of current projects can be found under the collaborations of the group. Not all proposals submitted
could, however, be carried out during the year.

Solution structure of
bacteriophage PRDI vertex
cOlllplex
(collaboration with R. Tuma, University of
Helsinki, Finland)
Bacteriophage PRD1 is a prototype of viruses with an
internal membrane. The icosahedral capsid and major
coat protein share a striking structural similarity with
the adenovirus hexon. The spike of bacteriophage
PRD1 consists of proteins P2, P5 and P31 mediating
host cell binding and controls dsDNA delivery via a
membrane conduit. The quaternary structures and
interactions of purified spike proteins were studied by
X-ray solution scattering. Low resolution models of the
vertex proteins P5, P2 and P31 were reconstructed ab
initio from the scattering data. Protein P5 is a 27 nm
long trimer that resembles the adenovirus Ad2 spike
protein pIV. P31 forms a globular, pentameric base
with a maximum dimension of 8.5 nm. The P31 pen-
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Figure 2. Structural model of PRD1 vertex assembly in the context of the viral shell. (A) View from the inside of the virion. (B) Top view, the putative attachment site of P2 is indicated by an arrow. (C) Side
view. Only a layer of major coat protein (P3) trimers immediately adjacent to the vertex (peripentonal trimers, individual subunits shown in green, blue and orange) was considered. Atomic coordinates
corresponding to these trimers were obtained from the pseudo-atomic model of the P3 shell (San Martin et al., 2001). The ab initio model of the P31 pentamer (red) was visually aligned with P3 trimers to
minimize steric clashes. The SAXS model of the P5 trimer (dark blue) was placed within the P31 to reproduce the P5-P31 position found in the model of P56:P31 obtained from solution scattering data. (See CDROM or on-line version for full colour graphic.)

tamer is smaller than its adenovirus counterpart (pIlI)
and most likely contributes only to the external densities of the five-fold vertex in the virion. The receptorbinding protein P2 is a 15.5 nm long and thin monomer
anchored to the vertex base. P5 trimers further polymerize into a nonameric form (P5 9 ). In the presence of
P31, P5 associates into a P5 6 :P31 complex. Models of
these assemblies were constructed by fitting the experimental scattering data by linear combination of assembled and free P5 trimers. The low resolution structures were combined in a plausible model of the vertex within the context of the virion (Figure 2). This
model demonstrates similarity to the adenovirus spike
assembly but also reveals clear structural differences.
The latter are related to the modes of DNA delivery
adopted by PRDI and the adenovirus and provide an
example of divergent evolution.
c

Solution scattering study of
rheumatoidal immunoglobulin M
(with R.L. Kayushina, Institute of
Crystallography, and V.A. Lapuk Institute
of Organic Chemistry, Moscow)
Quaternary structures of human immunoglobulin G
(IgG), immunoglobulin M (IgM) and rheumatoidal
immunoglobulin M (IgM-RF) were studied by X-ray
solution scattering. The low resolution models of the
proteins were determined ab initio using the program
DAMMIN (Svergun, 1992). The IgG molecule was
found to be in an average Y conformation, in a good
agreement with the atomic model (Harris et al., 1998).
The structure of a pentameric IgM particle recovered
assuming a five-fold symmetry reveals a flat particle
consisting of a central disc-like Fcs domain with
peripheral Fab 2 arms, similar to the model proposed
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in (Perkins et al., 1991). The ab initio model of pentameric IgM-RF displays an asymmetric arrangement
of the Fab 2 arms which, together with a decrease in the
forward scattering, suggest that part of the Fab 2 fragment may be lost in the rheumatoidal IgM. A dissimilarity of the Fab 2 fragments in the IgM and IgM-RF,
suggested previously on the basis of trypsin cleavage and microcalorimetry (Lapuk et al., 1996,
Protasevich et al., 1997), is thus now supported by an
ab initio structural model.

Conformation of the Drosophila
motor protein Ncd in solution
(with F. Kozielski and G. Zaccai, IBS
Grenoble)
The low resolution shapes of monomeric and dimeric Drosophila ncd constructs were restored ab initio
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from X-ray and neutron solution scattering data. The
experimental curves were also compared with those
computed from crystallographic models of one
monomeric and three available dimeric ncd structures
(Sablin et al., 1998; Kozielski et al., 1999) in the microtubule-independent ADP-bound state. These comparisons indicate that accounting for the missing parts
in the crystal structures for all these constructs is
indispensable to obtain reasonable fits to the scattering patterns. The MC6 construct lacking the coiled-coil
region is monomeric in solution but the calculated
scattering from the crystallographic monomer yields
a poor fit to the data. A tentative configuration of the
missing C-terminal residues in the form of an antiparallel
was found that significantly improves
the fit. The atomic model of the short dimeric MC5 construct without two-fold symmetry is found to fit the
data better than the symmetric models. Addition of the
C-terminal residues to both head domains gives an
excellent fit to the X-ray and neutron experimental
data, although the orientation of the
differs
from that of the monomer. The solution structure of the
long MC1 construct including the complete N-terminal coiled-coil and motor domains is modeled by
adding a straight coiled-coil section to the model of
MC5.

Solution scattering studies of
tRNA nuclear export receptors
(with E. Conti, EMBL Heidelberg)
Nuclear transport receptors (karyopherins or
importins / exportins) are responsible for the translocation of their specific cargo in or out of the cell nucleus through the nuclear pores. Crystallographic studies on the import complexes have shown a conformational change between importin bound to its cargo
importin a (compact shape) (Cingolani et al., 1999)
and another importin, namely transportin, bound to
Ran-GTP (extended shape) (Chook & Blobel, 1999).
l

.

.

._.
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Whether this difference is the result of Ran binding, of
cargo binding, or an intrinsic / transportin difference is unclear. No high resolution models of the
export receptors are available yet.
The Exportin-t, a specific export factor for tRNAs
(Arts et al., 1998), belongs to the importin family
and forms a trimeric complex with RanGTP and tRNA.
X-ray solution scattering measurements were performed on the S. pombe Exportin-t alone and in complex with Ran and tRNA, as well as on the human
Exportin-t complex. For both species, ab initio reconstructions of the domain structure of the complex
using the program GASBOR (Svergun et al., 2001)
yield relatively compact models very similar to that of
the importin
structure, indicating that this
conformation is not species-dependent and is characteristic of a cargo-bound form. In contrast, the ab initio overall shape of the Exportin-t alone is more
extended and comparable to that of importin
transportin when bound to RanGTP. This suggests that the
conformational change upon release of the cargo is a
characteristic feature of this family of receptors, both
for import and export factors.

Substrate-induced
conform.ational changes in
enolpyruvylshikim.ate-3phosphate synthase
(Collaboration with K. Brown, E.
Carpenter, Imperial College London and J.
Coggins, University of Glasgow)
The enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) is the target of glyphosate, the active
ingredient in Monsanto's herbicide Roundup®. EPSPS
is also a potential target for the development of antimicrobial and antiparasitic compounds. Large confor-

.-------.------------.-----------.-------.--.---.--------------------

mational changes are observed on substrate and
inhibitor binding. The large cleft between the two
domains, observed in the free enzyme, closes in the
presence of S3P and glyphosate to give the competent active site involving residues from both domains.
Small-angle X-ray scattering (SAXS) experiments indicate that these domain movements also occur in solution upon addition of S3P but not glyphosate. The
fraction of the enzyme adopting the closed conformation increases with S3P concentration and incubation time.

Self-assem.bly of triglyceride
nanocrystals in suspension
(in collaboration with T. Unruh and K.
Westesen, Pharmaceutical Technology,
Friedrich Schiller University, Jena)
Colloidal suspensions of triglyceride nanoparticles
which are being studied as potential drug carriers
present a number of interesting size-dependent effects.
One such effect is stepwise melting of nanocrystals
corresponding to 2,3,4...molecular layers of triglycerides only. A new independent effect was found
which consists in the modulation of the characteristic
pattern of tripalmitin and its strong (OOl)-reflection as
a result of the formation of lamellar stacks with a
repeat around 20 nm. These stacks vanish upon dilution or by increasing the temperature just below the
onset of the melting of the tripalmitin crystals, indicating that the energy gained by their formation is of
the order of kBT. Such effects, illustrate the difficulties
in extrapolating physicochemical properties from bulk
material to nanoparticles.
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PolYlllorphislll of
lipopolysaccharide

Publications during the year

(with K. Brandenburg, Forschungsinstitut
Borstel)
Lipopolysaccharide (LPS, endotoxin) is the main
amphiphilic component of the outer membrane of
Gram-negative bacteria, its endotoxic principle is
called lipid A. Systematic studies of the polymorphism of these substances since 1989 have recently
led to a hypothesis linking the biological activity of
these substances, which can be beneficial at low concentration but may lead to septic shock at high concentration, to the formation of cubic structures
(Schromm et al., 2000). The validity of this hypothesis
has already been verified in a number of circumstances
and the field of investigation is being expanded. An
example is provided by the enhancement of the biological activity of LPS and lipid A by hemoglobin.
Tests of cytokine induction in human mononuclear
cells indicate that in the presence of cross-linked hemoglobin pentaacyllipid A and LPS, which are normally inactive, lead to the production of tumor necrosis
factor (TNFa). Parallel X-ray scattering measurements
revealed that hemoglobin indeed induces a transition
of pentaacyllipid A from a lamellar to a cubic structure. Other investigations during the year covered
correlations between biological activities and biophysical properties of triacyl monosaccharide lipid A
partial structures and the interaction of rough and
smooth form LPS with peptides such as polymyxins,
which inactivate the endotoxins.
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The vast majority of macromolecular structures is

Lamzin Group

determined by X-ray crystallography. In particular,
crystal structures determined at atomic resolution (1.2

A or

higher) provide invaluable information about

the electronic details of biological processes. Extremely
accurate structures allow the modelling of features

Protein
crystallography

identifiable in macromolecules. The combination of
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set of a priori stereochemical observations. The user is
often faced with a necessity to enter tedious and time
consuming stage of manual building of a molecular
model that is always subjective and relies heavily on
experience. The Automated Refinement Procedure
(ARP /wARP) challenges this classical view by a real
space manipulation of the model, mimicking user
intervention in silica and offers a technique that is
faster, more objective and reliable. In the light of the
structural genomics projects and to enable more biologists to carry out structural work without being
experts in crystallographic techniques, it is essential to
automate this process of structure determination.
Brief reports on the group's activity in these areas are
given below.
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Enzyll1atic activation of NADH
(with R. Meijers, Dana-Farber Cancer
Institute Boston; R.J. Morris, Global
Phasing, Cambridge; H.W. Adolph,
Universitaet des Saarlandes,
Saarbruecken; and E.S. CedergrenZeppezauer, Lunds Universitet)
Nicotinamide adenine dinucleotide NAD(H) is the
most abundant electron carrier in cell metabolism.
Both an oxidised (NAD+) and a reduced (NADH)
forms are stable under physiological conditions. The
interconversion of NAD+ and NADH is achieved by
the stereo specific transfer of a hydride ion (two electrons and a proton) between a substrate and the pyridine ring C4 of NAD(H). Theoretical calculations on
the nicotinamide indicated that deformation of the
pyridine ring into a boat conformation enhances
hydride transfer. The puckering of the pyridine ring is
increased upon enzyme binding yet until now it was
still unclear how this is accomplished.
Here, we present an example of enzymatic activation
of NADH as it was found in a complex of NADH with
horse liver alcohol dehydrogenase (LADH). LADH
catalyses the oxidation of primary and secondary alcohols to aldehydes (Eklund & Branden, 1987). LADH
from yeast is the key mediator of alcohol production,
whereas the human enzyme cleanses the blood from
poisonous compounds. In addition it is involved in the
hormonal household, the production and neutralisation of free radicals and is thought to playa role in the
retinoid regulation.
LADH is a homodimer with 374 residues and two
zinc sites in each monomer. The enzyme has been the
focus of intensive studies involving kinetics, X-ray
crystallography and spectroscopic methods. However
the actual mechanism for hydride transfer and proton
release is still under debate (Northrup & Cho, 2000). In
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Figure 1. (left) The active site of the Zn-MPD-NADH-LADH
complex. The active site metal is coordinated to the protein
residues Cys 46, His 67 and Cys 174. A water molecule occupies
two alternative sites, W1 and W2.

Figure 2. (below) Superposition of the nicotinamide of the
crystal structure of the Zn-MPD-NADH-LADH complex and
the structures calculated from a quantum chemical energy
optimisation. a) The NADH-H20 adduct (r.m.s.d. 0.257 Afor
the pyridine ring atoms); b) The NADH-OH- adduct (r.m.s.d.
0.043 A).

s

(a)

(b)
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the standard textbook description of the LADH mechanism the enzyme is regarded an exception among
zinc dependent enzymes in that no water molecule is
involved in the reaction (Fersht, 1999). In an alternative mechanism (Dworschack & Plapp, 1977), the water
molecule is linked to the zinc ion during the reaction
and goes through a cycle of (de)protonation. This
requires a five coordination metal and was thought to
be highly improbable, because a fifth ligand would
cause collisions with surrounding residues.
X-ray data were collected to a resolution of 1.0 A on
zinc LADH complexed with NADH and MPD. The
structure was solved and refined using standard procedures. The resolution of the X-ray data allowed to
refine the nicotinamide of NADH and the zinc environment without geometrical restraints.
In both subunits of the Zn-MPD-NADH-LADH complex residual density within inner coordination sphere
of the catalytic zinc ion is observed close to the C6 atom
of the nicotinamide, WI in Figure 1. Another peak of
similar height and distance from the metal, W2, corresponds to the position otherwise taken by a zincinteracting atom of a substrate. The distance between
the two peaks is 1.47 A. We interpret the two peaks
together to represent a metal bound water molecule
occupying two alternative positions, partially forming
an adduct with the pyridine ring of NADH.
In order to determine whether the adduct observed
involves plain water or a hydroxide ion, quantum
chemical calculations were performed on a nicotinamide model system. The unperturbed reduced
nicotinamide (NICH) already shows some deviations
from planarity which is further pronounced in the
adducts with either H 2 0 or OH-. NICH-OH- mostly
resembles the puckering observed in the pyridine
rings of the crystal structures, Figure 2. Furthermore,
an increase in the C5-C6 bond length to 1.41 A is
observed in the atomic resolution crystal structure.
In the calculated structure of the unperturbed reduced
.
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nicotinamide this bond length is 1.33 A corresponding to a double bond. For the reduced OH- adduct the
length is 1.46 A.
We suggest that OH- adduct formation is part of the
activation process for hydride transfer. Our results
allowed to propose a revised reaction mechanism
which is an extension of the "dissenting" mechanism
that incorporates the metal bound water (Dworschack
& Plapp, 1977). As expected, a five coordination of
the metal leads to collisions with surrounding residues
and the cofactor NAD(H). The revision of the mechanism alludes to the functional displacement of the
water and the formation of a nicotinamide derivative.
The metal bound water alternates between two positions. The formation of a nicotinamide adduct leads to
a redistribution of electric charge along the ring, inducing hydride transfer. The (de)protonation of the alcohol goes through the metal bound water. In this manner, the enzyme provides an environment that facilitates the change of the coordination of the metal and
the proton flow towards the active site.
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Figure 3. Average density over peptides
(in blue) indicating the n-character of the
peptide bond. Average difference density
(in green) indicates main chain hydrogen
atoms. (See CD-ROM or on-line version
for full colour graphic.)

MAD at atoll1ic resolution

o

(with A. Gonzalez, Stanford Linear
Accelerator Laboratory; R. Morris, Global
Phasing, Cambridge; M. Costabel and P.
Alzari, Institut Pasteur)
The structure of the endoglucanase A from Clostridium
thermocellum CelA (Alzari et al., 1996) was re-solved by
3-wavelength MAD on a mercury derivative.
Experimental phases obtained to 1.0 A gave excellent
maps which permitted automatic model building and
showed fine details in the electron density. The high
accuracy of both protein and solvent atom positions in
the final structure allowed unambiguous assignment
of the protonation state for the active site catalytic
carboxylates.

L

Figure 4. Active site of the CelA structure, with a map
calculated from a 3-wavelength MAD at 1.0 A resolution. The
catalytic carboxylates (Glu 95 and Asp 152) show asymmetric
electron density in their side chains thus defining their
protonation state.
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Figure 5. Citations per annum on the use of
ARP/wARP. The software suite has been
obtained by about 600 academic laboratories
and 37 industrial groups world-wide.

Data were collected at the EMBL Hamburg beamline
BW7A at 3 wavelengths: 0.801 A (high energy remote),
1.006 A (peak) and 1.008 A (inflection point) in a resolution range of 25 to 1.0 A. Data were 97 % complete
(anomalous completeness also 97 %) with overall II aI
of 13 (3 in the highest resolution shell).

250
200

Various structure solution approaches were tested in
order to quantify the contribution of each wavelength.
2-wavelength MAD phasing proved to be sufficient to
obtain excellent experimental phases. SAD at the
remote wavelength also resulted in easily interpretable
maps.
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The 3-wavelength MAD electron density map calculated from experimental phases was of excellent quality: for parts of the structure atom types and bond
types could be easily assigned. Double bonds in peptide links and side-chains could be located due to
their increased electron density indicating their 1tcharacter, and peptide hydrogen atoms could be
detected, Figure 3.
Automated model building using ARPlwARP was
straightforward. Refinement could be performed with
only loose restraints so that interatomic distances in the
final structure can be considered true, unbiased distances.
The protonation state could be deduced for aspartic
acid and glutamic acid residues, Figure 4. The electron
density for their side-chain carboxyl groups appeared
in some cases asymmetric or symmetric, indicating
the deprotonated or protonated state respectively.

Figure 6. A superposition of the
search model (dark grey) for the
eIAV dUTPase with the final
structure (light grey),
L-
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In the CelA Glu95 was proposed to be the proton
donor during catalysis (Alzari et al., 1996) and in the
atomic resolution structure it shows asymmetric electron density in its side-chain carboxylic group. For
Asp152 and Asp278 the assignment of the protonation
state becomes even more important. Both residues
were proposed to play the role of the nucleophile in the
--1

EMBL 2001 Research Reports

glycolysis. For Asp152, asymmetry can be observed,
Figure 4, which indicates protonation and makes it
less likely that this residue has the function of the
nucleophile in the enzymatic reaction. Asp278 appears
symmetric and is therefore the only candidate for the
proposed role.

For the Equine infectious anaemia virus dUTPase with
the data to 2.0 A resolution (Dauter et al., 1999), 15
ARP /wARP autobuilding cycles produced a model
that was lacking only one N- and one C-terminal
residue. Figure 6 shows the difference between the
initial and the final models.

In a recently determined structure of a complex of a
CelA E95Q mutant with cellopentaose the roles of
Glu95 and Asp278 have been confirmed and Asp278
was found to be the general base activating the nucleophilic water (Guerin et al., submitted).

For the structure of Ankyrin repeat domain of Bcl-3
(Jacobs & Harrison, 1998) at 1.86 A resolution
ARP /wARP yielded an excellent map and a model
that lacked only ten N-terminal, 21 C-terminal and
15 internal residues out of 228 residues in total. This
example demonstrated the additional improvement
that ARP /wARP can yield compared to conventional
refinement strategies.

Autom.ated crystallographic data
analysis
(with A. Perrakis/ NKI Amsterdam)
The ARP /wARP (Lamzin et al., 1999) software suite is
designed for automated model building and refinement, with the aim of delivering essentially complete
models starting from electron-density maps alone
(Perrakis et al., 1999) or from partial models, Figure 5.
The basic concept that underlies the ARP / wARP idea
and differentiates it from the other model building
approaches is the unified view of the iterative building and refinement steps. Model building is, in this
sense, an integral process that alternates between realspace model adjustment and reciprocal-space parameter refinement. Novel concepts have been introduced
allowing the macromolecular model itself, not only the
parameters of the model, to change on the fly. These
features allow ARP /wARP to represent experimental
electron-density maps as sets of free atoms, which by
iteration of model building and refinement converge
to hybrid models which contain most of the protein
model automatically built.
We have examined applicability of the method to the
refinement of models obtained by molecular replacement. Three examples are presented below.

The structure of Mycobacterium tuberculosis iron-metabolism enzyme FprA at 1.9 A resolution (Bossi and
Mattevi, to be published) is an example where
ARP /wARP with default parameters failed to refine a
search model. The starting electron density maps was
first improved using density modification techniques
and that proved to be crucial. After 15 cycles of automated model construction, 900 of the expected 922
peptides were traced.
We define two factors that affect the success of
ARP /wARP autobuilding in the case of molecular
replacement: resolution and quality of the starting
model. In general, the higher the resolution and the
better the starting model is, the more chances
ARP /wARP has to succeed. If resolution is higher
than approximately 1.7 A, a correct molecular-replacement solution is available and the search model is
more than half of the final model, ARP /wARP autobuilding will succeed. If the data are between 1.7 and
2.2 A, it is hard to predict what will happen, but for
complete good-quality models there are very high
chances for the autobuilding to succeed. For data
lower than 2.2 A, autobuilding in its present implementation will not work regardless of the quality of the
starting model.
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X-ray absorption
spectroscopy

X-ray absorption spectroscopy determines the metal
coordination in metallo-proteins. It is sensitive to
changes in the first coordination spheres upon substrate/inhibitor binding and allows extracting the
metal oxidation state in different biochemical states.
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 a few binuclear and mononuclear metal
binding motifs utilized by nature. This years report
will detail on our work on the metallo p-Iactamase
family.

Team Leader: Wolfram Meyer-Klaucke

ElaC frolll Escherichia coli encodes
a novel binuclear zinc
phosphodiesterase

Meyer-Klaucke Team,

Postdoctoral fellows: Ana Mijovilovich,
Andreas Vogel
PhD students: Manuel Gnida, Oliver
Schilling
Technician: Brenda Kostelecky*
Visitors: Giampaolo Barone, Malgorzata
Korbas

* indicates part of year only

Proteins with a metallo p-Iactamase 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 p-Iactamase and glyoxalase II and the
redoxenzyme rubredoxin:oxygen oxidoreductase
(ROO) from Desulfovibrio gigas. Whereas p-Iactamases
were shown to be active with one or two zinc 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 socalled ElaC gene (third open reading frame in the elalocus) 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. Sequence analysis indicates a

metallo p-Iactamase fold and homology to an arylsulfatase.
At present, no ElaC gene product has been investigated. We cloned the E. coli ElaC gene and purified the
recombinant gene product. Moreover, we demonstrated that the protein encoded by the ElaC gene
hydrolyzes the phosphodiester bis(p-nitrophenyl)phosphate (Figure 1).
The phosphodiesterase activity is strongly dependent on the presence of zinc. These results identify the
so far unassigned gene product ElaC as a novel binuclear zinc phosphodiesterase (ZiPD) (Vogel et al., submitted). Thus a more rational way to search for ZiPD's
natural substrate and to investigate its physiological
function has been initiated. This is especially interesting in the case of the human ElaC genes, which
have been associated with cancer. It is of interest to see
if these proteins show similar enzymatic characteristics. The metal environment characterized by zinc Kedge X-ray absorption spectroscopy was modeled
with 2 histidine residues, 1 carboxylate group and 1.5
oxygen atoms (Figure 2). This corresponds to the coordination found in other metallo p-Iactamase domain
proteins.
The functional assignment of the ElaC gene product
demonstrates that the database annotation of ElaC as
an aryl sulfatase, which was already adopted in literature and led to the definition of the aryl sulfatase/ElaC family, was wrong. This underlines the
importance to substantiate data from pure sequence
analysis by experimental data. The combination of
rational [not shown] and random substrate screenings performed here, proved to be a successful way for
the detection of an enzymatic function for a newly
purified protein. Since many proteins are waiting for
functional characterization, the usage of substrate
screening plates might be a useful general strategy
for characterizing proteins of unknown function.
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So far, EXAFS studies of these different enzyme preparations proved the specific binding in the binuclear
active site for all three metals. Therefore any unspecific
binding can be excluded. Each metal causes a specific XAS pattern, which suggests the individual binding
motif to be metal specific. This motif is conserved for
the series of growth conditions.

ZiPDZn
Figure 1. ZiPD is a

phosphodiesterase. Substrate
screen using 188 different
hydrolytic substrates on Taxa
Profile E plate (Merlin,
Bornheim-Hersel, Germany).
The plate contains two identical
tests which were carried out
with ZiPD Zn (0.004 mg/ml)
and buffer, respectively.
Positive reactions for ZiPD
only are: 1 and 2, thymidine-5'p-nitrophenylphosphate
(TpNPP) sodium and
ammonium salt, respectively; 3,
bis(p-nitrophenyl)phosphate
(bpNPP).

Buffer

Glyoxalase II frol11 Arabidopsis
thaliana ean utilize different 3dl11etals at its active site
(with C. Makaroff and M. Crowder, Miami
University, Oxford, Ohio, USA)
The protein glyoxalase II (GLX II) is part of the cellular glutathione dependent detoxification system. GLX
II acts as a thiolesterase by catalyzing the hydrolysis
of S-D-Iactoylglutathione to glutathione and D-Iactic
acid. Because of its role in chemical detoxification,
GLX II has been studied as a potential anti-cancer or
l-

.

anti-protozoal target. The crystal structure of human
GLX II classified the protein to belong to the metallop-Iactamase family due to the similarity of the overall
fold and especially its binuclear metal binding site. The
human enzyme was reported with two zinc atoms at
the active site whereas functional studies on recombinant GLX II from plant (A. thaliana, expressed in E.
coli) unraveled the presence of a mixed zinc and iron
content. Recent studies additionally showed significant
manganese content. The ratio of Zn, Fe and Mn in the
enzyme can be varied by different metal incubation of
the bacterial growth medium. In all cases GLX II contains a total of two metal equivalents per protein.

------------------------.--.-

At present we are extracting structural models for the
active site from the Mn, Fe, and Zn K-edge fine structure (Schilling et al., in preparation).

Metal ion binding and
coordination geol11etry for wild
type and l11utants of Metallo-pLactal11ase frol11 Bacillus cereus
569/H/9 (Bell)
(with H.W. Adolph, Universitat des
Saarlandes, Saarbriicken, Germany)
One high affinity (nM) and one low affinity (pM)
macroscopic dissociation constants for binding of
metal ions were found for the wild type metallo-p-Iactamase from B. cereus and six single site m u tants in
which all ligands in the two metal binding sites were
altered. Surprisingly, the mutations did not cause a
specific alteration of the affinity of metal ions for the
sole modified binding site as determined by Extended
X-ray Absorption Fine Structure (EXAFS) and
Perturbed Angular Correlation of y-Rays spectroscopy,
respectively. The observations of very similar microscopic dissociation constants of both binding sites in
contrast to the significantly differing macroscopic dissociation constants inevitably lead to the conclusion
that binding to the two metal sites exhibits negative
cooperativity. The slow association rates for forming
the binuclear enzyme determined by stopped-flow
fluorescence measurements suggest that fast metal
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exchange between the two sites for the mononuclear
enzyme hinders the binding of a second metal ion.
EXAFS spectroscopy of the mono- and di-zinc wild
type enzymes and two di-zinc mutants provide a definition of the metal ion environments (de Seny et al.,
2001).

Further scientific projects
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Further projects were carried out during the year 2001,
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 HASYLABjEMBL 2001 annual
report.

4

Figure 2. EXAFS spectrum for ZiPD Zn. Data were recorded at the Zn K-edge A) EXAFS spectrum, B) Fourier transform. Thin lines
represent the experimental data and thick lines the calculated spectrum. X(k) is the EXAFS amplitude; r' is the metal-ligand distance
corrected for first shell phase shifts; a. u., arbitrary units.
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Figure 3. Glyoxalase II binds Mn, Fe, and Zn at its active site. The metal environment does not depend on the growth conditions applied.
The conserved binding motif detected by XAS ensures specific binding of the 3d metals to the active site. (See CD-ROM or on-line version
for full colour graphic.)
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Ehmke Pohl,
Alexander Popov and
Cristofer Enroth

Independent staff
scientists in protein
crystallography
Staff Scientist: Cristofer Enroth
Visitor: Ferdinand Milder
Staff Scientist: Ehmke Pohl
Postdoctoral fellow: Rosario Recacha
PhD student: Esben Lorentzen
Visitor: William Wijaya
Staff Scientist: Alexander Popov

The three independent staff scientists, Cristofer Enroth,
Alexander Popov and Ehmke Pohl, work together
with the team and group leaders on the scientific user
support at the five protein X-ray crystallography beam
lines at the EMBL Hamburg Outstation. Currently,
more than one hundred groups are collecting diffraction data for close to 400 projects every year. In addition/ the independent staff scientists concentrate on
their own research in structural biology. Their research
projects include method developments in conjunction
with the other groups of the Outstation (see also report
from the instrumentation group). Examples are the
improvement and further development of the MAD
(multiple anomalous diffraction) facilities, data collection
strategies and analysis of ultra-high resolution and
the optimisation of the diffraction quality of protein
crystals. Other projects span the full range of techniques from molecular biology methods to crystal
structure determination. For some of the projects, the
molecular biology facilities at the EMBL Hamburg
Outstation are used for the overexpression of recombinant protein, purification and crystallisation experiments. A summary of the current research projects of
each independent staff scientist is given below.

Cristofer Enroth
Structural genolllics of the
stolllach ulcers bacteria

Helicobacter pylori

(with L. Engstrand, Stockholm, M. Krabbe,
Uppsala and E. Cedergren, Lund, Fin
Milder, undergraduate at University of
Wageningen)
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 bacteria, or
lie in the interaction between host and bacteria. In
order to gain full 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
18 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.The
first target, the invA genet codes for a 155 residue protein. The protein is a dinucleoside polyphosphate
hydrolase. It contains a 'MutT' or 'Nudix box' motif,
which is a 62 amino acid motif. The invA Nudix boxmotif has a sequence identity of 24% to the known
structure of E. coli mutT, thus allowing us to construct
a homology model which could be used for molecular
replacement (Figure 1). The invA gene has been
expressed and purified. An activity assay has confirmed the predicted activity of the enzyme. Screening
for crystallization conditions is ongoing.

Flavoproteins, structure and
function
The EPXgene
(with A. Dong & E.F. Pai, Toronto)
Xanthobacter sp. can be isolated with propene as sole
carbon source. The first step in the degradation of
propene is the oxidation of propene to epoxypropane.

' - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 296 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

EMBL 2001 Research Reports

Figure 1. Showing the predicted fold of the first selected target,

Figure 2. The two subunits in a dimer of phenol hydroxylase. The different conformations of residues 170-210 in the two subunits are

the invA protein, together with its cofactors, Mg 2+ and C0 2+,
and bound AMPCPP. The model was produced by using the
homology to the known structure ofE. coli mutT (PDB ID code

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. (See CD-ROM or on-line version for full colour graphic.)

Epoxypropane is subsequently degraded by a two-

Phenol hydroxylase

1MUT).

component system, of which component B, the EPX
protein (EPOX), is a member of the disulfide reductase
family (glutathione reductase, mercuric ion reductase
etc. with c:a 20% seq. identity, Mr = 2x57.3 kD). EPOX
has been expressed and purified by the collaborators,
and data has been collected to a resolution of 1.85A.
Structure solution by the molecular replacement
method is underway.
L--

(with V. Massey & 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 T. cutaneum. The enzyme also accepts other
stable and toxic compounds of industrial origin among
its substrates. The catalyzed reaction is interesting;
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not only from a waste detoxification 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
----1
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of phenol hydroxylase has been undertaken by the
collaborators at the University of Michigan. Several
mutant proteins are already available. New improved
crystals of native PHOX have 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 Rfactor = 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 have
also improved.

The PAS domain of the NifL protein
(with M. Hefti and J. Vervoort,
Wageningen and P. Tucker, EMBLHamburg)
The PAS domain of the NifL protein from A. vinelandii
has been crystallized and X-ray diffraction data have
been collected to 3.0 A using synchrotron radiation.
The native crystals belong to space group R32, with
unit-cell parameters a = 65.0, c = 157.3A.

Ehmke Pohl

Proteins of the bacterial ironuptake system.

Crystal structures of glycolytic
enzym.es from. Thermoproteus
tenax

(with M.L. Vasil, University of Colorado,
A. Mijovilovich, W. Meyer-Klaucke, EMBL
Hamburg Outstation)

(with E. Lorentzen, EMBLHamburg
Outstation, and R. Hensel, University
Essen)

The first project in collaboration with Prof. Vasil
includes proteins involved in the iron regulation of the
pathogenic Pseudomonas aeruginosa. This human
pathogen causes secondary lung infections in cystic
fibrosis patients and represents one of the major causes of death under these conditions. It has been known
for many decades that iron-uptake is an essential part
of infection (Weinberg, 1999). Thus, proteins involved
in iron metabolism are attractive targets for structur-

eAPN is a nonphosphorylating glyceraldehyde dehydrogenase catalysing the oxidation of D-glyceraldehyde-3-phosphate to 3-phosphoglycerate using NAD+
as a cosubstrate. eAPN is the only aldehyde dehyL

drogenase so far characterised displaying allosteric
properties. The gapn-gene has been cloned and the
recombinant protein has been over-expressed, purified
and ezymatically characterised (Brunner et al., 1998).
eAPN is regulated by a range of glycolytic intermediates, like the activators glucose-I-phosphate, fructose-6-phosphate and AMP, thus being an important
checkpoint in T. tenax glycolysis. The X-ray structure
of eAPN has recently been determined in Hamburg
(Brunner et al., 2000; Pohl et al., submitted). The protein was cocrystallised with the activators glucose-lphosphate, fructose 6-phosphate, AMP and ADP each
with the cosubstrate NAD+ added. eAPN was also
cocrystallised with the subtrate (D,L)-glyceraldehyde
3-phosphate and NAD+ . X-ray diffraction data was
collected using the EMBL Hamburg Outstation wiggler
beam line BW7B (Silfhout & Hermes, 1994) to resolutions between 2.25 A and 2.40 A. The five obtained
structures show a common activator binding site close
to the tetramerisation domain. In addition, one of the
structures shows the binding of the substrate D-glyceraldehyde-3-phosphate close to the active-site cysteine.

,

,

,

,
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al studies and potential targets for structure-based
drug design. We have been studying the ferric-uptake
regulator (Fur) from Pseudomonas aeruginosa. Fur is
an essential protein in P. aeruginosa and represents the
central regulator of the iron-uptake system as well as
of important virulence factor (Vasil et al., 1999). During
the last year we have established the expression in E.
coli as a eST fusion protein and its purification in the
molecular biology laboratory. The spectroscopic investigations in collaboration with the EXAFS group is
described by A. Mijovilovich and Wolfram MeyerKlaucke in their report. Crystallisation experiments of
apo- and holo regulator have yielded the first small
protein crystals that diffract up to 3A on the EMBL
wiggler beam line BW7B. Furthermore, we are continuing our efforts to crystallise the repressor in complex with synthetic DNA oligonucleotides.

Structural genom.ics of
Mycobacterium tuberculosis
(with Celia Goulding, University of
California, Los Angeles, USA)
M. tuberculosis is still the single most important human
pathogen in the world causing the deaths of more
than 2.5 million people each year (WHO Report, 2000).
The recent completion of the sequencing of the Mtb
genome offers a unique opportunity for structural
biology (Cole et al., 1998). In 1999 I have joined the
international Mtb structural genomics consortium in
which more than 50 research groups are combining
their efforts to determine about 400 protein structures
in the next five years. (http://www.doembi.ucla.edu/TB/). The consortium is targeting specifically those proteins that have been implicated or are
likely to contribute to virulence and pathogenesis.
The EMBL Hamburg Outstation contributes by providing synchrotron time to other members of the consortium. In addition, we have started the first crys-

298 -----------,---------------------------------------,-,-----------------------------,-,--,-----------------------------'

EMBL 2001 Research Reports

tallization experiments of regulator proteins that are
important for virulence (Pohl et aI., 1999).

Alexander Popov
Choice of data collection
param.eters in X-ray protein
crystallography
(with G. Burenkov)
The choice of data collection parameters (crystal to
detector distance, oscillation width, exposure time
per frame, starting rotation angle and rotation range)
is crucial to achieve the best possible data quality. The
parameters should be considered for each individual
application taking into account characteristics of a
particular crystal, X-ray equipment and available time
for measurement. It is not trivial because the relationships between quality of data set and data collection parameters are complex and is often the result of
a compromise between several requirements. We have
developed a novel method for the choice of optimal
data collection parameters that is implemented in a
new software program BEST. The method is based on
assumption that main uncertainties of the observed
intensities are determined by counting statistics. Then,
using Wilson's statistics and experimentally determined average intensities per resolution, the statistical characteristics of a data set can be estimated for different combinations of data collection parameters and
the optimal one can be selected. One of a key features
of the method is a reconstruction of the mean reflection
intensities using a limited experimental data set. Just
a few (possible only one) initial diffraction images
taken with short exposure times are needed. BEST
calculates: 1) The minimum rotation range required to
achieve a complete data set for each starting rotation
angle. 2) The maximum oscillation width allowed to
avoid spatially overlapping reflections as a function of
l-

resolution and starting rotation angle. 3) The scale of
the data and the Wilson B-factor. 4) Optimum oscillation width, exposure time per frame and total data collection time required to achieve a given average intensity / sigma ratio at a given resolution. 5) Average
intensity, sigma and R-merge of the data set as a function of resolution for a given set of data collection
parameters. The program also predicts the relative
number of overloads and makes a choice of the optimal diameter for 2-D detector and the crystal-to-detector distance. BEST has been successfully used at the
protein crystallography synchrotron beamlines at
DORIS (DESY). The software proved to be extremely
useful in using the available data collection time in the
most efficient way.

X-ray study of role of cations in
the pyrophosphate hydrolysis by
E.coli PPase
(with V. Samygina, S. Avaeva & H.
Burtunik)
Soluble inorganic pyrophosphatase (PPase) catalyses
the hydrolysis of inorganic pyrophosphate to two
phosphates. Catalysis requires divalent metal ions.
There are four metal ion-binding sites in the PPase
active site. Two metal ions bind before substrate binding ("activating" metals) and one or two metal ions
bind in the presence of pyrophosphate or reaction
products ("substrate" metals) (Heikinheimo et aI.,
1996). The substrate metals are required for dissocia-

Figure 1. Unbiased Fo-Fc difference electron density maps of the effector binding site (a) Glucose-l-phosphate and (b) AMP. The
pictures were produced using Bobscript.

.
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tion of phosphates after hydrolysis. The order of substrate metal ions binding and dissociation in the course
of reaction is crucial for detailed understanding of
mechanism of catalysis. We report the preliminary
results of structure study of fluoride inhibited complex
of E. coli PPase with pyrophosphate and M g 2+ (natural activator). Fluoride ion inhibits PPase by replacement of attacking nucleophile (Heikinheimo et al.,
2000). The inactivation is reversible and depends on Fconcentration. It was believed the reduction of concentration of fluoride ions leads to the start of hydrolysis and formation of hydrolysis products. We
obtained five complexes at different concentrations
of fluoride ions. The concentration of fluoride ions in
the crystal has been stepwise decreased using
reversible flash-cooling technique (Samygina et al.,
2000). The first complex has pyrophosphate and Ml,
M2, M3 with occupancies are equal to about 0.8 while
occupancy of M4 is lower (Figure 1). This observation should be ascribed to the M4 enters the active
site last. Analysis of other structures has revealed that
pyrophosphate and 3-4 M g 2+ are still bound in the
active site, but occupancy of M g 2+ and pyrophosphate
decreases with F- concentration. The M4 site is not
filled in the complex with lowest concentration of F-.
Likely this metal ion is the first to dissociate from
enzyme with one of phosphate ion. All data sets were
collected at 1.6 A resolution; R-merge values are about
3 %. Refinement is in progress.
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Rypniewski Team

We are primarily concerned with X-ray structural
studies of biological macromolecules with emphasis on
biological relevance while we aim to take full advantage of the unique features of synchrotron radiation,
like high intensity and tunability.

The X-ray structure of eukaryotic
phosphofructokinase

Protein
crystallography

Team Leader: Wojciech R. Rypniewski*
Predoctoral Fellow: Ingrid Mechin*
Visitors: Ewa Tykarska, Stefano Benini

* indicates part of year only

L.

(with G. Kopperschlager, Leipzig; T. Ruiz
& M. Radermacher, Frankfurt/M)
Extensive crystallographic studies have been carried
out on bacterial phosphofructokinase1 but until now
the structure of eukaryotic PFKl has not been solved.
We are happy to say that we have solved this year
the crystal structure of 12S PFK from yeast.
PFKl catalyses the phosphorylation of fructose-6phosphate to fructose-l,6-bisphosphate, with the
hydrolysis of ATP and in the presence of M g 2+. It is an
allosteric key enzyme in glycolysis, with various effectors, both activators and inhibitors. Baker's yeast PFKl
is a hetero-octamer of molecular weight approximately
800 kDa (21S particle). As a result of an early gene
duplication each eukaryotic subunit consists of two
homologous parts, each repeat is similar to one
prokaryotic subunit. The C-terminal repeat lost catalytic function and acquired a regulatory role. In yeast
a second gene duplication event is supposed to have
occurred, forming two different types of subunits (a
and
with heterogeneous terminal regions responsible for subunit association. As a result of these duplication events, yeast PFKl octamer consists of 16 units
homologous to prokaryotic PFK monomer.
The 12S form of yeast PFKl is obtained by limited
proteolytic cleavage of the native enzyme by chymotrypsin in the presence of ATP, leading to the truncation of C- and N -terminal parts (KopperschHiger et
al., 1993) As a consequence, the 21S octamer dissociates

------------------------------------------------------------------------------

to form two 12S tetramers of identical size composed
of partially degraded a//
subunits. This truncated
form is catalytically active, possesses similar kinetic
properties to the native enzyme and shows no microheterogeneity.
The size of yeast PFKl makes the crystallography a
challenge but we have solved the crystal structure of
the 12S form in complex with fructose-6-phosphate to
the resolution of 2.9 A. The asymmetric unit contains
two 12S tetramers. Phase information was obtained by
two successive molecular replacement steps using the
E. coli biological tetramer as starting search model as
well as electron microscopy data (Ruiz et al., in press)
and taking advantage of non-crystallographic symmetry of the molecule. Quality of the electron density
map was dramatically improved by NCS averaging,
leading to a clearly interpretable map for nearly all of
the approx. 6000 amino acid residues in the asymmetric unit.
In the crystal structure, to 12S tetramers associate in a
manner resembling the 21S PFKl. The a subunits form
the core of the protein, while the subunits pack on the
outside (Figure 1). The octamer is approximately 190
A long, 150 A wide, with a straight hole of 18 A diameter going through the whole length of the protein.
Interaction between both 12S halves is due to several
hydrogen bonds at the interface between a subunits.
While this is insufficient for stabilising them together
in solution, the stabilisation provided by the crystallattice facilitates the assembly of the molecules into a
21S-like complex, similar to the native form. Fructose6-phosphate is bound to both the active and the regulatory sites of a and subunits. By modelling ATP
into both sites, we could observe that it could bind in
the active site in a mode analogous to the one observed
for the E. coli structure, but that it could not bind in the
regulatory site, due to steric hindrance. Structure is
now under refinement and we will examine the refined
model in the context of known mutants to elucidate
their effect, and will compare the model with other
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Figure 1. Overall structure of PFKl from baker's yeast, a subunits shown (darker) and f3
subunits (lighter); a) lateral view of the protein: a closed octamer is formed because a
subunits are packed in the core of the enzyme while f3 subunits are placed on the outside, b)
top view showing the straight hole going through the whole length of the structure.
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known PFK structures. We also hope to solve soon
the structure of baker's yeast PFK1 in complex with
fructose-1,6-bisphosphate and an ATP analogue (data
already collected and processed).

W17

Nucleic acids at atom.ic
resolution
(with Dorota & Ryszard Adamiak, Poznan)
Double-stranded regions, predominant in RNA, exist
mostly in the right-handed helical A-form with geometry close to the average parameters determined from
fibre diffraction. High resolution X-ray RNA structures currently available reveal not only conformational details of helices and other domains but also
allow a detailed interpretation of RNA hydration
schemes and ion binding sites. It is now generally
accepted that hydration and metal binding sites are
integral parts of RNA structure and are of crucial
importance for the physical properties of RNA and a
wide variety of biological functions. One of the most
intriguing features of some RNAs is their tendency to
form left-handed double helices named Z-RNA, under
dehydrating conditions. Despite a wealth of physical
data accumulated regarding the Z-form, the mechanism of RNA helicity reversal still awaits explanation. It also remains to be seen why right-handed RNA
duplexes containing alternating CG base pairs undergo this transition much more easily than those containing VA base pairs. The elucidation of the factors
governing the formation of Z-RNA requires more data
on the structure of right-handed RNA and its hydration, the latter being highly influenced by environmental conditions.
We have determined the crystal and molecular structure of 2'-O-Me(CGCGCG)2 under dehydrating conditions, at 1.19 A resolution, at 100 K, using synchrotron radiation. The structure is a half-turn right-handed helix that deviates from the A-form RNA and

Figure 2. Hydration pattern of the minor groove of 2/-0-Me(CGCGCG)2 showing bound water (spheres) and two MPD molecules.
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includes two 2-methyl-2,4-pentanediol (MPD) molecules stereo-selectively bound in the minor groove.
The structure includes 65 ordered water molecules
but only a single row of water molecules is observed
in the minor groove due to the presence of hydrophobic 2'-0-methyl groups. As many as five magnesium
ions are located in the structure. Two are in the major
groove and interact with 0(6) and N(7) of guanosine
and N(4) of cytidine residues through their hydration
spheres.

The reaction lllechanism. of
urease

The two MPD molecules intrude into the hydration
network in the minor groove, each forming hydrogen bonds between their secondary hydroxyl group
and exo-amino functions of guanosine residues. This
is the first example of detailed molecular interactions
of nucleic acids with MPD and is significant in view of
known MPD properties to promote helical transitions
and condensation of DNA duplexes in solution.

Urease is a large (230 kDa) nickel-containing enzyme
which catalyses the hydrolysis of urea yielding two
molecules of ammonia and one molecule of carbon
dioxide. Urease is produced by bacteria, fungi and
algae, is involved in nitrogen turnover and in several
human and animal pathologies. In the past we succeeded in obtaining crystals of B. pasteurii urease (BPU)
of exceptional quality and carried out high resolution
studies of the native enzyme and several enzymeinhibitor complexes. The study enabled us to propose
a new reaction mechanism, which reconciles the available structural and biochemical data.

Comparison of the present structure of 2'-0Me(CGCGCG)2 with the previously determined structure of this molecule under hydrated conditions
(Adamiak et al., 1998) delineates the stability of the
water network within the minor groove to dehydration. This might be of interest in the broader study of
the structure and hydration shell within the (CG)n
family of RNA duplexes and 2'-0-methylated RNA
as it points to conceivable modes of water-mediated
binding of alcohols or other hydroxy group-containing small molecules to RNA, and the factors governing RNA dehydration.
We suggest that the present structure of 2'-0Me(CGCGCG)2 might be considered as a model of
the (CG)n RNA molecule arrested, due to 2'-0-methylation, in the right-handed state incapable of Z-RNA
formation. Thus, the intrusion of MPD in the hydration
shell of 2'-0-Me(CGCGCG)2 indicates the manner of
RNA dehydration that precedes the Z-RNA formation.

(with S. Benini, Trieste; S. Mangani, Siena;
S. Ciurli, Bologna; and K.S. Wilson, York).
We have continued our studies of the reaction mechanism of urease in order to further elucidate the mechanism we had proposed earlier.

allows us to get insights into the protonation state of
bound phosphate. The bridging phosphate oxygen is
at H-bonding distance from Aspa363 082, which in
turn is at H-bonding distance from the 'distal' phosphate oxygen. This bifurcated H-bond, involving
Asp<X363 082 and two phosphate oxygen atoms, indicates the presence of two shared protons. The Ni(l)bound phosphate oxygen atom must be deprotonated,
as it receives a strong H-bond from His<x222 Ne. The
protonation state of the latter is determined by the
interaction of His<x222 Nd with the peptide NH group
of Aspa224. On the other hand, the Ni(2)-bound phosphate oxygen atom must be protonated, as it donates
a strong H-bond to the carbonyl oxygen atom of

The mechanism postulates high selectivity of the active
site designed to bind the substrate, and subsequently
a tetrahedral transition state, in an orientation-specific
mode, stabilised by an extensive hydrogen bonding
network. The bidentate ligation of urea to the two
very electrophilic Ni 2+ ions, stabilised by the hydrogen
bonding network, strongly activates the inert urea
molecule towards nucleophilic attack, by polarising the
C-O and the C-NH2 bonds. This brings the urea carbon
in close proximity to the Ni-bridging hydroxide anion,
proposed here to be the nucleophile.
This year with describe the structure of BPU crystallised in the presence of phosphate, that reveals the
unexpected binding mode of this inhibitor (Figure 3).
One phosphate molecule is complexed to the Ni ions
in the active site. The H-bonding network formed
between the inhibitor atoms and the active site residues
305

Figure 3. Model of the active site ofB.pasteurii urease with
bound phosphate.
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Alaa170, while also weakly interacts with the carbonyl
oxygen atom of Alaa366. Overall, there would be three
hydrogen atoms around the Ni-bound phosphate,
supporting the information drawn from kinetics experiments. The latter suggested that phosphate would
bind either in the neutral H 3P04 form, or as the H 2P04anion, with an active site residue bearing an additional proton.
It is quite remarkable that the Aspa363 082 is symmetrically interacting through two H-bonds with the
bridging (at 2.8 A) and the 'distal' (at 2.9 A) phosphate oxygen atoms. This observation provides further
support for the proposed role of Aspa363 082 as proton transfer from the nucleophilic bridging hydroxide
to the nascent ammonia molecule. The latter would be
formed by protonation of the urea NH 2 group placed
in a position corresponding to the distal phosphate
oxygen in the present structure and to the distal NH 2
group in DAP-inhibited BPU (Benini et al., 1999).
The unveiled details provide a structural rationale for
the kinetics data on phosphate inhibition, and suggest
a mechanism for the formation of the phosphate-urease complex that allow some deeper insights into the
enzymatic catalysis of urea hydrolysis.
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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 (J54 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. The NtrC and NifA proteins
comprise three domains, a regulatory domain, a central "catalytic" domain and a C-terminal DNA binding
domain. Our goal is to determine the structure of the
central domain of the NtrC/NifA proteins or their
homologues. The HydG protein from Salmonella
typhimurium is one of our most promising candidates.
It has been postulated to playa role in the regulation
of hydrogenase expression, however, neither the physiological signal nor the molecular mechanism of its
action are established. Some recent studies showed
that the HydH/HydG system is responsive to high
Zn2+ concentrations and that it regulates the expression
of the zraP gene, which codes for a periplasmic Zn 2 +
binding protein.
Initially crystals of full-length His-tagged HydG were
obtained which diffracted, on the microfocus beamline
at the ESRF, to sA. Microcrystals of a His-tagged construct, with the N-terminal, receiver, domain deleted, diffracted to 3 A on the same beamline and belong
to spacegroup P2 12 12 with a=105.9 A, b=113,7 A and
c=185.6 A. Due to reproducibility problems we could
not improve the crystal quality, and trials on the Se-Met
derivative under the same conditions were also unsuccessful. The N-terminal His-tag was removed to
improve the crystallogenesis and we succeeded in
obtaining crystals diffracting to 3.2 A on the BW7B
beamline at the EMBL Hamburg Outstation.
Crystallization trials on the selenomethionine containing protein have also been successful. The space
group and the cell parameters are the same as those
307

with the His-tagged protein and the self-rotation function suggests there are six molecules per asymmetric
unit. Due to the presence of six seleniums per molecule
we are currently looking at other possibilities (see the
section on the use of xenon below) to aid the initial
phasing.
We reported last year the crystallisation of the N-terminal FAD containing PAS/PAC (sensor) domain of
NifL from Azobacter vinlandii. The crystals diffract to
3.oA in space group R32 with a= 63.sA, c= I5I.4A.
During the year intensive efforts to obtain a molecular replacement solution have failed, as have attempts
to crystallize the selenomethionine containing protein. New constructs are being designed. Last year
we reported our design of a construct of the PspF protein (a response regulator which only contains a catalytic and DNA binding domain) that would be more
amenable to crystallogenisis. Crystallisation trials
were successful but the crystals obtained so far,
although optically promising show no diffraction.
We are associate members of the Mycobacterium tuberculosis Structural Genomics Consortium (see
http://www.doe-mbi.ucla.edu/TB/) and have chosen
to target some of the thirteen or so two-component systems, identified by sequence comparisons, for structural studies. The chosen regulators, in this case (J70
dependent, have in some cases homolgues in E. coli
which help identify the external stimulii to which a
response is made (for example osmotic pressure or
phosphate starvation), but in some cases have an, as
yet, unidentified function. Five sensor kinases and
five response regulators have been cloned into pET22b
or pETM-II expression vectors. Expression trials have
been performed on eight of these clones and six show
good levels of expression. So far solubility trials have
been performed on two proteins. One (RvI626) is soluble, however the other has so far been insoluble
(Rv0602c) in the small selection of buffers so far tested.
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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.
A complete data set for the N-terminal (RNA binding)
domain was collected to a resolution of 2.4A on the X13
beam line at the EMBL Hamburg (A=0.80A, 193444
observations of 18244 unique reflections, Rrnerge 0.058
with 99.9% completeness). The space group is P61
with a dimmer in the asymmetric unit. Crystals of the
selenomethionine-containing protein have also been
grown and these crystals diffract to 2.8A resolution.
Data has been collected on the X11 beam line at the
EMBL Hamburg (A=0.85A, 140366 observations of
11475 unique reflections, Rmerge 0.076 with 98.8% completeness) and to 4A at the selenium peak wavelength
on BM14 at the ESRF. Eight of the sixteen expected
selenium atoms have been located and structure solution is in progress.
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 proteinpriming mechanism in which the adenovirus preterminal protein (AdpTP, 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 PTP. Initiation is enhanced by the virusencoded single-stranded DNA (ssDNA) binding pro-

tein (DBP) and two cellular transcription factors,
nuclear factors I and III, but processive replication
requires only DBP and Adpol. Full-length Adpol and
pTP have been expressed in Sf9 cells using the baculovirus expression system. To isolate high amounts of
the stable recombinant pTP-pol complexes co-infection
and co-expression experiments have been explored.
Complex formation was optimised during the coinfection using different multiplicity of infection and
times post-infection. At the moment we are establishing a purification protocol for the complex.
The role played by AdpTP in the initiation of adenovirus DNA replication is crucial and complex. It participates in multiple molecular interactions and there
is eveidence that it makes direct contacts with Adpol,
TP, NFIII as well as the DNA replication origin.
Consequently it may have to undergo different conformational changes during the initiation process.
Extensive crystallisation trials on full-length pTP have
not been successful, perhaps because of this predicted
conformational flexibility of the protein. Genomelinked pTP is processed, via a 62kDa intermediate
(iTP), to mature terminal protein (TP) by the adenovirus-coded protease. To help us achieve our ultimate goal (the structure of the large pTP Ipol complex), we have carried out limited proteolysis experiments on pure full-length pTP with both chymotrypsin and trypsin. Three major bands (40,24 and
22 kDa respectively) are observed after 3h digestion
with trypsin. According to mass spectrometric analysis the 40 and 24 kDa bands are in the C-terminal part
of pTP and the 22kDa band is the N-terminal region.
We have performed crystallisation trials, using either
trypsin directly in the crystallisation drop (without preincubation) or using the trypsin-digested protein mixture after the digestion was stopped. Unfortunately,
separation trials of the trypsin products using ionexchange and size-exclusion chromatography were
unsuccessful. It seems that the protein fragments have
strong interactions to each other because even with 6M
urea complete separation of the fragments was not

achieved. We have started cloning shorter versions
of the TP liTP protein fragments (TP: aa 350-671; iTP:
aa 176-671) which should be totally cytoplasmic when
expressed in insect cells.

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. A number of devices have become
available which allow a protein crystal to be pressurised under a xenon atmosphere, followed by pressure release and rapid shock cooling of the crystal in
a cryo-loop to trap the bound xenon. Some of these
devices have been made available to users of the EMBL
Hamburg Outstation beamlines.
To date, xenon derivatisation has been performed
with essentially hydrophilic additives (e.g. glycerol,
sucrose, ethylene glycol) to prevent nucleation of
hexagonal or cubic ice when the cryoprotectant buffer
containing the crystal is flash cooled. Unfortunately the
difficulties of obtaining a suitable cryoprotectant
buffer, in which crystals are stable for a period of several minutes, are rarely reported. It is therefore important to maintain as broad as possible a perspective
for xenon (or krypton) derivatisation. Xenon is more
soluble in hydrophobic solvents than in water. At the
same time there has been a rediscovery of the old
technique of removing mother liquor from around
the crystal by dragging it through paraffin oil prior to
shock cooling. Crystals of porcine pancreatic elastase
(PPE: molecular wt. 22 kDa) have been used to demonstrate that cryoprotection using dry paraffin oil or
using PanjellyTM allows, with equal or better efficacy,
derivatisation with xenon under a xenon atmosphere
prior to shock cooling.
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Xenon absorption edges (K-edge=O.36 A, L-edges=2.272.59 A) are not easily accessible for MAD studies on
synchrotron beamlines. An investigation of the problems associated with using the xenon K-edge was conducted using an undulator beamline on the PETRA
ring at DESY. The problems encountered were the
expected reduced scattering by matter (which goes
as the cube of the wavelength), the reduction in detection efficiency using a CCD detector at short wavelengths and problems associated with maintaining
the maximum incident intensity on the crystal. The
anomalous signal of xenon is, however, appreciable at
energies remote from the K or L-edges. Therefore the
anomalous signal due to xenon between 0.8 A and
1.6 A was used to explore different phasing strategies to find out the most suitable wavelength(s) for
phasing. Successful phasing of PPE using xenon is
possible with almost any phasing strategy (SAS,
SIRAS, MIRAS, Pseudo-MAD) however SIRAS using
a highly redundant dataset collected at 1.0 A wavelength was most effective. An analysis of the different
phasing strategies makes clear that a good indicator of
the usefulness of the anomalous signal is the ratio
Ranom/Rpim. Improved accuracy, as gauged by this
ratio can be achieved by measuring highly redundant
data, primarily due to a reduction in Rpim .

Figure 1. Crystals of A) the N-terminal domain of the BTV NS2 protein, B) crystals of the selenomethionine containing protein. C)
crystals of the HydG central and C-terminal domains, D) crystals of the selenomethionine containing construct.

Bromide soaked PPE crystals were subsequently
derivatised under a xenon atmosphere either using
glycerol or paraffin oil as a cryo-protectant. It was
shown that the use of oil as a cryoprotectant when
using halide soaks yields a larger number of bromide
sites than using a glycerol based cryoprotectant. X-ray
data collected below the bromine absorption edge
could be used to easily locate the xenon position and
the resultant SAS phase information was then used to
determine the bromide substructure from data collected above the bromine absorption edge. The method
would have a general applicability where large substructures need to be determined.
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Other projects
Active site mutants of two structurally similar restriction endonucleases PvuII(Y94F) and EcoRV(Y72F) are
being 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 cata.lytic activity. The mutants have been expressed, purifIed and crystallised in the absence of their cognate
DNA.
has been collected to 2.sA on PvuII(Y94F)
and to 3.0A on two crystal forms of EcoRV(Y72F). The
crystals are not isomorphous with the native proteins
and consequently structure solution by molecular
replacement is in progress.
A number of mutants of the histone-like protein HU
from the extreme thermophile Thermotoga maritima
have been produced (in collaboration with C. Vorgias,
Athens and C. Kavounis, Thessaloniki) to investigate
aspects of the proteins thermal stability. Crystallisation
on five mutants with reduced thermal stability
With respect to wild-type have been initiated. So far
crystals of the point mutant V42I have been obtained
and data collected to l.sA resolution. The structure is
isomorphous with the native and is being refined.
The leading biorational pesticide, Bacillus thuringiensis, is a ubiquitous gram-positive, spore-forming bacteria that synthesises
insecticidal crystal proteins (Cry proteins). These proteins, upon digestion of
the crystalline inclusions by susceptible insect larvae,
are proteolytically converted in the mid-gut to form the

active toxins. These bind to specific receptors on the
brush border membrane of the columnar cells and
these cells then swell and burst, causing larval death
within days. The toxins are generally related, but vary
in the specificity of the pest they destroy. We have
established purification protcols for two proteins,
CrylC and Cry6A- the former from a family for which
some structural information is available the latter
because it is active against nematodes rather than
insect larvae. The proteins are now in crystallisation trials.
Angiotensin I-converting enzyme is a zinc metallopeptidase which plays an important role in blood
pressure homoeostasis by cleaving the C-terminal
dipeptide from angiotensin I to produce the vasopressor peptide angiotestin II. Similar sequences have
also been indentified in insects, like Drosophila
melanogaster where the molecule contains a single catalytic domain (unlike the human enzymes which contain two similar catalytic domains) and has a MW of
74 kDa. In collaboration with the group of X. GomisRueth (IBMB - CSIC Barcelona) we have tried to
express the AnCE protein from Drosophila melanogaster
in Sf9 insect cells using the baculovirus expression
system. Two different recombinant viruses were produced, one with and one without the C-terminal
hydrophobic membrane-anchor. The long construct
was successfully expressed but in an insoluble form.
The short construct was not expressed either intracellularly or extracellularly and consequently we aim
to express the shorter construct as a secreted protein.
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Our laboratory has a strong interest in vertebrate
developmental genetics, using the mouse as a model
system to address problems of mesodermal patterning.
We have expanded our previous research on the nature
of positional information in the embryonic skeletal
musculature, to studies on the specification of chambers in the developing vertebrate heart. We have
recently explored the molecular basis of evolutionary limb reduction, using a naturally occurring morphocline in the Australian lizard Hemiergis, to uncover a role for the signaling molecule Sonic Hedgehog in
the control of digit number.
The molecular biology of muscle aging is another
longstanding interest. Characterization of the action of
insulin-like growth factors has gradually evolved into
an exploration of strategies to attenuate muscle atrophy and cardiac dysfunction in aging and muscular
dystrophy through stem cell-mediated regeneration.
The identification of common signaling pathways
underlying regeneration in heart and skeletal muscle
tissue in the mouse has suggested attractive targets for
clinical intervention in various neuromuscular and
cardiac pathologies.

Retinoid signaling in heart
developm.ent
(collaboration with J. Xavier-Neto)
The heart is the first organ to develop in embryogenesis and its early functioning is critical for embryonic development. Natural mutations or targeting of
specific genes involved in early cardiogenesis have
lethal consequences, underscoring critical need for a
functional circulatory system to support the rapid
rates of growth that characterize early development.
The heart is built from precursor cells located bilaterally in the lateral epiblast. These cells enter the primitive streak, mix with others coming from the opposite
side, and exit the streak as specified heart mesoderm.
-

Distinct lineages the precursors of future myocardial
and endocardial cells move bilaterally to form the cardiac crescent, where they commit irreversibly to the
cardiac fate. From then on complex inductive interactions, morphogenetic movements and contributions
from external sources, such as cranial neural crest and
the pro-epicardial organ, diversify the cardiac cell
population and help shape the mature heart.
The orientation of cardiac precursors along the three
orthogonal axes, antero-posterior, dorso-ventral and
lateral, is critical to the proper development of the
circulation. Establishment of anterior-posterior polarity is one of the earliest and most important decisions
in cardiogenesis. Specification of anterior (outflow)
and posterior (inflow) structures ensures proper connections between venous system and inflow tract and
between arterial tree and outflow tract. We proposed
that selective activation of retinoic acid (RA) signaling
in the caudal regions of the heart underlies its partition
into inflow and outflow segments by characterizing the
distribution of RALDH2, the key retinaldehyde dehydrogenase in early embryonic RA synthesis. Using
the SMyHC3-human alkaline phosphatase (HAP) transgene as a sino-atrial marker and a myosin light chain
two ventricular (MLC2-V) antibody as a marker of
ventricular and truncal phenotypes we determined
that inhibition of endogenous RA synthesis by disulfiram produced embryos with hearts missing the atrial chamber, displaying a rudimentary sinus venosa
and an oversized ventricle. Exogenous RA administered to the mother at E"7.5, but not at E8.5, produced
embryos with hearts displaying oversized sino-atrial
compartments missing outflow tracts and ventricles.
From these experiments, a model of patterning in the
embryonic heart has emerged in which endogenous
production of RA is critical for differentiation of the
sino-atrial compartment, whereas prospective ventricular cells have to be isolated from RA signaling
during early cardiogenesis to prevent their conversion to the atrial phenotype. Thus RALDH2 expression
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determines antero-posterior boundaries in the heart
field. This model accounts for the fact that cardiac
cells are specified in the antero-posterior axis at a time
when there is no physical separation between anteroposterior compartments, and provides insight into
the devastating effects of embryonic RA deficiency
and excess on heart morphogenesis.

Developlllental basis of digit loss
in tetrapod evolution
(Michael Shapiro)
Loss of limb skeletal elements is a common theme in
tetrapod evolution, but the developmental mechanisms underlying this phenomenon remain largely
unknown. The Australian lizard genus Hemiergis offers
an excellent model system to study limb reduction
among closely related, naturally occurring populations with different numbers of digits. In contrast to the
expectation of previous models based on heterochronic
changes, we find that evolutionary digit loss in
Hemiergis does not result from simple truncation of a
pentadactyl skeletal developmental program. Rather,
the duration of embryonic expression of the patterning molecule Sonic hedgehog (SHH) is shortened in
limbs with reduced numbers of digits, and is correlated
with decreased cell proliferation in the posterior aspect
of the limb.
This comparative analysis offers novel insights into the
function of SHH in tetrapod limb development, suggesting an early role of SHH in specification of digit
identity and, later, continued importance in maintaining cell proliferation and survival. Subtle differences in spatial or temporal regulation of SHH may
alter proliferation and patterning of the developing
limb, thereby effecting major changes in adult limb
morphology among closely related species
L--

.

Function of insulin-like growth
factor 1 isoforllls
(Nadine Winn)
Experimental models of muscle growth and regeneration have implicated Insulin-like Growth Factor-1
(IGF-1) as an important mediator of anabolic pathways in skeletal muscle cells. Since IGF-1levels decline
with age in both humans and rodents, this growth
factor has been considered a promising therapeutic
agent in staving off advancing muscle weakness during aging and in neuromuscular diseases.
Regulated expression of the IGF-1 gene generates different prepeptide and C-terminal E peptide combinations/ through alternate promoter usage, differential
splicing and post-translational modification. Although
the IGF-1 gene locus is highly conserved in numerous
species/ its relatively large size (over 70 kb )/ combined
with the complex transcriptional and splicing patterns has complicated its analysis and therefore the
complexity of the IGF-1 gene and its products has not
been systematically documented.
The function of the proteins encoded by different IGF1 transcripts is widely debated and a cohesive picture has yet to emerge. Two major IGF-1 transcripts are
characterized: the locally acting isoform with an
au tocrine / p ar acrine action, and the circulating,
endocrine isoform. The dramatic cell hypertrophy
resulting from the expression of specific IGF-1 isoforms in muscle cultures and transgenic mice has provided insight into the role of IGF-1 in the physiology
of skeletal muscle. Elucidation of a novel calcineurinmediated signaling pathway contributing to the hypertrophic action of local IGF-1 (mIGF-1) in skeletal
myocytes led to an unexpected role for the GATA-2
transcription factor in skeletal muscle hypertrophy.
It is possible that selective expression of the mIGF-1
isoform avoids hypertrophic effects on distal organs
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such as the heart, and eliminates risk of possible neoplasms induced by inappropriately high expression
levels of circulating IGF-1. We are currently undertaking a comprehensive characterization of IGF-1 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.

Different lllodes of hypertrophy
in skeletalllluscle fibers
(Angelika Paul)
Skeletal muscles display a remarkable diversity in
their arrangement of fibers into fascicles and in their
patterns of innervation, depending on functional
requirements and species differences. Most human
muscle fascicles, despite their great length, consist of
fibers that extend continuously from one tendon to the
other with a single nerve endplate band. Other mammalian muscles have multiple endplate bands and
fibers that do not insert into both tendons but terminate intrafascicularly. Multiply innervated muscles
with their short, in-series fibers are found in a large
range of species, though only two such muscles have
been found in humans. An appreciation of the variations in anatomical and physiological characteristics of
different muscle types is critical to the design of appropriate models for animal growth and human muscle
diseases.
We investigated whether these alternate structural
features may dictate different modes of cell hypertrophy in two mouse gracilis muscles, in response to
expression of a muscle-specific IGF-1 transgene (mIGF1) or to chronic exercise. Both stimuli independently
activated the expression of GATA-2, a unique marker
of hypertrophy, and increased muscle cross-sectional
area in both muscle types, with additive effects in
exercising MLC/mIGF transgenic mice, but without
----i
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increasing fiber number. In singly innervated gracilis
posterior muscle, hypertrophy was characterized by a
greater average diameter of individual fibers, and
centralized nuclei. In contrast, hypertrophic gracilis
anterior muscle, which is multiply innervated, contained longer muscle fibers, with no increase in average diameter, or in centralized nuclei. Different modes
of muscle hypertrophy in domestic and laboratory
animals have important implications for building
appropriate models of human neuromuscular disease.
Multiply innervated mouse muscles such as the gracilis
anterior are likely to recapitulate the mode of hypertrophy found in large animals such as cattle, sheep,
horses, dogs, cats, and rabbits, rather than that found
in primates. It remains to be determined whether the
modes of myofiber atrophy are equally divergent in
singly and multiply innervated muscles, which may
limit extrapolation of data from large animal models
to human myopathies.

MechanisIns of Inuscle
regeneration
(collaborations with Antonio Musaro, Lee
Sweeney)
In the last decade, dramatic progress has been made in
elucidating the molecular defects underlying a number of muscle diseases. The prolongation of skeletal
muscle strength in aging and neuromuscular disease
has been the objective of numerous studies employing
a variety of approaches. With the characterization of
mutations responsible for muscle dysfunction in several inherited pathologies, and the identification of
novel signaling pathways, subtle alterations in which
can lead to significant defects in muscle metabolism,
the field is poised to devise successful strategies for
treatment of this debilitating and often fatal group of
human ailments.
L

.

•

•

.

Yet progress has been slow in therapeutic applications of our newly gained knowledge. The complexity of muscle types, the intimate relationship between
structural integrity and mechanical function, and the
sensitivity of skeletal muscle to metabolic perturbations have impeded rapid progress in successful clinical intervention. The relatively poor regenerative
properties of striated muscle compound the devastating effects of muscle degeneration. A major consequence of muscular dystrophy is that the normal
regenerative capacity of skeletal muscle cannot compensate for increased susceptibility to damage, leading to repetitive cycles of degeneration/regeneration
and ultimately resulting in the replacement of muscle
fibers with fibrotic tissue. Perhaps the most difficult
hurdle is the sheer volume of tissue that must be treated to effect a significant improvement in quality of life.
Cell-based therapies to promote muscle regeneration
have been stalled by the difficulty in obtaining sufficient numbers of autologous myoblasts and by inefficient incorporation into host muscle.
We are currently assessing IGF-l as a therapeutic agent
for enhancing cell-mediated attenuation of muscle
atrophy in aging and neuromuscular degenerative
diseases. A striking increase in muscle mass and
strength was obtained by localized expression of the
muscle IGF-l isoform in genetically engineered mice
and virally infected tissue, blocking the loss of muscle
mass in aging. Duchenne muscular dystrophy is an Xlinked degenerative disorder of muscle caused by the
absence of the protein, dystrophin. To determine
whether mIGF-l transgene supplementation could
alleviate the degeneration of skeletal muscle in a
mouse model of Duchenne muscular dystrophy (mdx),
we generated transgenic mdx mice expressing mIGF1 (mdx:mIGF+/+), we showed that muscle mass
increased by at least 40% leading to similar increases
in force generation, compared to those from mdx mice.
Diaphragms of transgenic mdx:mIGF+/+ animals
exhibited significant hypertrophy at all ages observed
and reduced fibrosis normally observed in diaphragms
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from aged mdx mice. Signaling pathways associated
with muscle regeneration and protection against apoptosis were significantly elevated. Our latest data suggest that IGF-l promotes repair by increasing the
recruitment of local and circulating stem cells into the
muscle lineage. Enhancing the capacity of stem cells to
repopulate injured or aging tissues and organs provides promising therapeutic approaches in the treatment of human muscle wasting and degeneration.

Regeneration of the injured heart
(Maria Paola Santini)
With little capacity for regeneration, the muscle of the
heart is particularly susceptible to injury. During a
heart attack, the sudden interruption of blood supply
due to occlusion of an artery leads quickly to cell
death, loss of tissue and scar formation. Impaired
function of the myocardium results in gradual pathologic hypertrophy and eventual progression to heart
failure.
The regenerative effects of supplemental mIGF-l
expression in skeletal muscle led us to investigate
whether the mIGF-l isoform driven by a cardiac specific promoter (aMyHC) would produce physiologic or
pathologic effects when delivered locally to cardiac
muscle. The hearts of aMyHC/mIGF-I transgenic animals were normal at birth, but displayed a postnatal
increase in ventricular mass, due to a combination of
hyperplasia and physiologic hypertrophy. Despite
their greater size, the hearts of aMyHC/mIGF-I animals functioned normally throughout life. Preliminary
analysis of experimentally induced cardiac infarction
in these animals showed a marked improvement in
recovery from the injury. Since cardiac myocytes normally lose their proliferative capacity before birth,
the phenotype of the aMyHC/mIGF-I transgenic animals raises the exciting possibility that localized
expression of mIGF-I may improve the regenerative
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capacity of the myocardium. Current studies are aimed
at characterizing the proliferative properties of cardiomyocytes from these animals, the assessing potential chemotactic mechanisms underlying recruitment
of stem cells to the injured heart.
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Immune responses to pathogens are characterized by
several phases. Within the first few hours after infection the pathogen load can be significantly reduced by
several innate effector mechanisms. Various mechanisms are directed against different classes of
pathogens, e.g. interferon (IFN) can limit replication of
certain viruses. Pathogens that are not eliminated by
the innate immune response are usually cleared by
the adaptive immune response, involving T and B
lymphocytes. Following the acute immune response
pathogen-specific memory can be established, which
then protects against reinfection. Experiments involving type I IFN depleted mice (Gresser et al., 1976) and
gene targeted mice deficient of a functional type I IFN
system (Muller et al., 1994) indicated the significance
of type I IFNs to protect from a lethal progressive paralytic disease after immunization with vesicular stomatitis virus (VSV). During the adaptive immune
response B cells are required for protection against
VSV whereas cytotoxic T cells are not necessary
(Bachmann et al., 1997; Kalinke et al., 1996; Kalinke et
al., 2000; Zinkernagel et al., 2001).

In vivo mechanism of type IIFN
induction
Interferons (IFNs) were discovered on the basis of
their antiviral activity (Isaacs and Lindenmann, 1957).
Type I IFNs are structurally related and comprise at
least 12 IFN-a subtypes and one
Type II IFN
(IFN-'1) is structurally unrelated and is not directly
induced by virus. All type I IFNs bind to the same
type I IFN receptor, whereas IFN-'1 binds to the type II
IFN receptor. IFNs exert widely overlapping pleiotropic effects including inhibition of cell growth, antitumor action, involvement in hematopoiesis, and regulatory effects on immune responses.
After virus infection essentially every cell line can be
induced to produce type I IFNs. The analysis of virus
infected mouse embryonic fibroblasts (MEF) showed
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that in a first step, constitutively expressed IRF-3
(interferon regulatory factor 3) is phosphorylated and
translocated to the nucleus where it induces transcription of
Low amounts of early IFNs (IFNand IFN-a4) are secreted and bind to the type IIFN
receptor. Receptor triggering activates the Jak-1 and
Tyk-2 kinases which leads to ISGF3 (IFN stimulated
gene factor 3) formation, a complex consisting of
Stat1a, Stat2 and p48. ISGF3 induces IRF-7, which
upon virus infection is phosphorylated and translocated to the nucleus, where it drives transcription of
late IFN genes. Thus, the signaling cascade involving
the Jak/Stat pathway, ISGF3 and IRF-7 constitutes a
positive feedback regulation of type I IFN gene expression (Harada et al., 1996; Marie et al., 1998; Sato et al.,
1998) (Figure 1).
To study positive feedback regulation of type I IFN
gene expression in vivo we treated gene targeted mice
devoid of certain components involved in feedback signaling with live VSV or UV inactivated type I herpes
simplex virus (HSV). Surprisingly, type I IFN receptor
deficient mice,
deficient mice, and mice deficient
of both components, produced early IFN-a levels similar to those found in wild type control mice. At later
time points type I IFN levels declined faster in type I
IFN receptor deficient mice than in type I IFN receptor competent mice. Thus, in contrast to the in vitro
model, the initial IFN-a production in mice seems to
be largely independent of type I IFN feedback signaling, whereas sustained IFN production is dependent
on IFN feedback signaling. The ex vivo analysis of a
variety of dendritic cell (DC) subsets isolated from
VSV infected wild type mice revealed that only the
subset of CD11c int DR-1 + DCs produced significant
INF-a levels. The same DC subset was identified to
produce IFN-a in type I IFN receptor deficient mice.
Thus, cells specialized to produce high quantities of
type I IFN do not show an as tightly regulated IFN
expression as fibroblasts (Barchet et al., 2001).
----.J
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including regulation of cytokine and cytokine receptor gene expression, modification in immune cell distribution, and activation of lymphocytes. Recently it
has been shown, that type I IFN can act directly on
naIve T and B cells and indirectly on memory T cells.
To analyze the role of type I IFN mediated effects on
immune cells in vivo, we generated a mouse model to
tissue-specifically delete the type I IFN receptor by
means of the Cre/loxP technology.
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Figure 1. Model for positive feedback regulation of type I IFN gene expression (adapted from (Harada et al., 1996; Marie et al., 1998; Sato
et al., 1998)). The low-level induction of "trigger" IFNs is mediated directly by virus stimulation. Autocrine signaling via type IIFN

receptor leads to activation of IFN stimulated genes, including IRF-7. After virus infection, IRF-7 is phosphorylated and translocated to
the nucleus where it drives transcription of "late" IFN genes.

By intercrossing mice carrying the conditional type I
IFN receptor gene (IFNARflox) with CD19-Cre mice
expressing the Cre recombinase in the B cell lineage
(Rickert et al., 1997), mice with a B cell-specific type I
IFN receptor deletion were obtained (IFNAR-B).
Despite the efficiency of B cell-specific type I IFN
receptor deletion was basically complete, and B cells
showed certain homing defects, IFNAR-B mice mounted normal T and B cell responses and survived VSV
infections as good as wild type control mice. Thus, type
I IFN stimulation of B cells is not required to protect B
cells from VSV infection, or to promote B cell activation. Currently we are analyzing immune responses of
IFNAR-B mice against other cytopathic viruses
(influenza virus and HSV), non-cytopathic viruses
(lymphocytic choriomeningitis virus), and a B celltropic virus (gamma herpes virus 68).
By intercrossing IFNARflox mice with LysM-Cre mice
expressing Cre in the myeloid lineage (Clausen et al.,
1999), mice with a macrophage and granulocyte-specific type I IFN receptor deletion were generated
(IFNAR-M). Despite these mice mounted normal T
and B cell responses they showed an increased susceptibility for lethal VSV infection. Currently the
macrophage function in IFNAR-M mice is extensivelyanalyzed.
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To study the role of type I IFN in neuro-immunology
we recently generated mice with a brain-specific type
I IFN receptor by intercrossing IFNARflox mice with
nestin-Cre mice (Tronche et aI., 1999). Additional experiments involving mice with a T cell-specific type I
IFN receptor deletion are planned.

Vaccination against prion disease
To study the impact of prion-specific antibodies on
prion pathogenesis, in a collaborative approach with
the Aguzzi group in Zurich, SWitzerland, we recently
generated mice expressing a transgenic antibody
directed against the cellular prion protein (PrPC).
Surprisingly, the antibody and the corresponding antigen could be expressed simultaneously in the same
mouse without inducing B cell tolerance or autoimmune phenomena. Upon peripheral prion inoculation anti-PrPC antibody transgenic mice did not develop signs of disease, whereas control mice supported
prion replication and eventually succumbed of the
infection (Heppner et al., 2001b). Thus, anti-PrPC antibody does interfere with prion pathogenesis. Next we
are planning to develop an active immunization
approach and to study the effect of post-expose vaccination (Heppner et al., 2001a).
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Nerve cells are the elementary signaling units of the
nervous system. The structural integrity of the nervous system is controlled by various signals that are in
part transduced by transmembrane receptor tyrosine
kinases. Extensive studies have established that neurotrophin receptor tyrosine kinases (called Trks) specifically and potently regulate diverse neuronal responses during development. By using mice carrying deletions of one or two different Trk receptors or their
corresponding ligands, we and others, several years
ago, showed that these molecules have fundamental
role in promoting survival and stabilising the phenotype of neurons of both the peripheral (PNS) (Snider
et al., 1994; Minichiello et al., 1995; Schimmang et al.,
1995; Pinon et al., 1996) and the central nervous systems (CNS) (Minichiello et al./ 1996; Alcantara et al./
1997).
In addition/ expression of neurotrophic factors like
BDNF (Brain Derived Neurotrophic Factor) in the
CNS is rapidly enhanced by neuronal activity, suggesting a new role for these factors in activity-dependent processes such as synaptic plasticity. Existing
genetic models were suffering from the fact that bdnf
and trkB null mutant mice die perinatally, and therefore are not suitable for analysis of impairment in
learning processes. Using conditional mutagenesis
we have been able to remove TrkB expression in a tissue specific manner from the mouse forebrain during postnatal development. The conditional mutant
mouse is severely impaired in spatial learning tasks as
well as hippocampal LTP (Long Term Potentiation)
(Minichiello et al./ 1999).
Finally/ to understand how neurotrophins elicit specific
neuronal responses we have started to elucidate the
physiological relevance of different signaling pathways used by Trk receptors. We have chosen as a
model the TrkB receptor that binds two ligands, BDNF
and NT-4/ with high affinity. The in vivo approach
taken consists of mutations in the mouse germline of
specific docking sites on the TrkB receptor. We first

have mutated the Shc binding site in the juxtamembrane region of the TrkB receptor that links the receptor to the Ras/MAPK pathway and to the PI-3K pathway. We have shown that elimination of the Shc site on
trkB receptors causes loss of nearly all NT4-dependent
sensory neurons without major effects on diverse
BDNF responses. Our data suggest differential activation of the TrkB receptor by the two ligands
(Minichiello et al./ 1998; Fan, 2000).
Interestingly, we have also been able to show that the
Shc binding site it is not required for hippocampal
long-term potentiation (Korte et al./ 2000).

Signaling pathways downstream.
of TrkB im.portant for synaptic
plasticity
(Anna Maria Calella, Diego L. Medina in
collaboration with R. Klein, M. Korte and
T. Bonhoeffer - Max-Planck Institute of
Neurobiology, Martinsried)
To investigate which downstream signaling pathway
of TrkB are important for synaptic plasticity we have
generated mice with a targeted mutation in the phospholipase Cy (PLCy) docking site of TrkB (trkBPLC/PLC
mice). We are currently analysing these mice. The
comparison with the trkBShc signaling mutant mice
suggests that in vivo TrkB receptors use different signaling pathways for different biological functions.
(Minichiello et al./ manuscript in preparation).
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Neuronal survival and target
innervation is differentially
regulated downstrea:m Trk
receptors
(Antonio Postigo, Anna Maria Calella in
collaboration with Rudiger Kleinpreviously at the Developmental Biology
Program EMBL and presently at MaxPlanck Institute of Neurobiology,
Martinsried)
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 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 siteindependent pathways, suggesting that 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 al., 2001).
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The generation of the more than 200 different specialised cell types of the mammalian organism requires
the establishment of diverse gene expression patterns
that characterise the individual cell types. These patterns are formed through the combinatorial action of
transcriptional regulatory proteins, some of which
have the capacity to direct multipotent cells to assume
a specific developmental fate. These lineage-instructive transcription factors include PD.1 (which commits
multipotent hematopoietic cells to the myeloid lineage)
and C/EBPa (which can instruct progenitor cells to differentiate into adipocytes, neutrophil granulocytes
and eosinophils) (see Nerlov and Gra( 1998; Nerlov et
al., 1998). To elucidate the molecular mechanisms by
which such instructive transcription factors function
during cellular lineage commitment and terminal differentiation we are using mouse genetics (knockouts,
knockins) to understand how transcription factors of
the C/EBP family of basic region-leucine zipper proteins carry out their essential developmental functions in vivo.
We have previously described that the ability of C/EBP
proteins to induce eosinophil lineage commitment is
mediated by their capacity to repress the transcription
of the gene encoding the Friend of GATA protein, a
repressor of eosinophil-specific promoters (Querfurth
et al., 2000). More recently, we have identified two
molecular properties of C/EBPa, the first C/EBP protein to be identified, that are important for the differentiation of adipocytes and neutrophil granulocytes,
two cell types that depend on C/EBPa for their proper development in vivo: recruitment of SWI/SNF chromatin remodelling complexes and repression of the
E2F complex of cell-cycle promoting transcription factors. These findings provide a direct link between cellular differentiation and nucleosome remodelling, and
show that activation of lineage-specific gene expression and cell cycle arrest can be coupled by incorporating into a single protein the capacity to execute
both.
322

Chrolllatin relllodelling and cell
differentiation: how to get genes
out in the open
When cells differentiate they must activate those genes
required for the development and function of the terminally differentiated cell. To achieve this, the relevant
regulatory elements must be made accessible for transcription initiation by correct positioning and modification of the nucleosomes, around which the DNA is
wrapped. An important step in this process involves
recruiting enzymes known as chromatin remodelling
complexes, which in an ATP-dependent manner reposition nucleosomes. We have found that recruiting the
SWI/SNF chromatin remodelling complex is required
for the ability of C/EBPa to drive the differentiation
of adipocytes. Also, activation of chromatin-embedded
myeloid genes by C/EBPa was dependent on
SWI/SNF recruitment. C/EBPa recruits SWI/SNF
complexes via direct interaction between SWI/SNF
and it activation domain. That C/EBPa uses the same
molecular mechanism to activate (at least) two distinct
differentiation programs raises the question of how it
is able to do so specifically. The answer seems to be that
C/EBPa needs other transcription factors like Myb,
PD.1 (in myeloid cells), PPARy (in adipocytes) and
GATA-1 (in eosinophils) to direct it to the genes that
are to be activated in a particular cell type. C/EBPa
therefore may be regarded as a versatile "tool", that the
organism can use to drive several terminal differentiation programs by providing the appropriate collaborating factors (published in Pedersen et al., 2001).

E2F repression by C/EBPa: a link
between differentiation and
growth arrest
A classical observation is that terminal differentiation
and proliferation are mutually exclusive cellular states.
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However, the molecular mechanisms behind this
observation have been unclear. We have recently found
that the ability of C /EBPa to repress the activity of E2F
transcription factors may be one of those mechanisms.
E2Fs regulate genes involved in DNA synthesis, and
are essential for cells to progress through the cell cycle.
Inhibiting their activity is therefore sufficient to block
cell proliferation. By generating point mutations in
C/EBPa that impair its ability to repress E2F, and
introducing these mutations into the mouse genome,
we have shown that lack of C/EBPa-mediated E2F
repression leads to defects in adipocyte and granulocyte differentiation in vivo. Since C/EBPa is essential
for driving differentiation of these two cell types, the
incorporation of the "differentiation function"
(SWI/SNF recruitment, direct promoter activation)
and "growth arrest function" (E2F repression) into the
same moleule serves to couple these two events.
Interestingly, acquired mutations in the C/EBPa gene
have recently been identified in patient with acute
myeloid leukemia (AML) of the M2 subtype, a malignancy that affects the granulocytic lineage, and the
most common type of these mutations leads to loss of
E2F repression, while maintaining SWI/SNF recruitment, suggesting that integration of these properties
into a single molecule is one of the safeguards against
leukemia development. We are currently generating
mouse models that mimic the acquired human
C/EBPa point mutations to address this possibility at
the genetic level (published in Porse et al., 2001).
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Witke Group

The actin
cytoskeleton in cell
motility and mouse
physiology

Group Leader: Walter Witke
Scientist: Christine Gurniak-Witke
Postdoctoral fellows: Laura Spinardi, James
Sutherland
PhD students: Alessia Di Nardo, Ralph
Gareus, Agnieszka Sadowska

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
(Video 1). 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. In the past years, we
have learned that actin binding proteins decide for
which cell functions the actin cytoskeleton is
employed.
Our group is trying to understand how the actin
cytoskeleton regulates cellular processes and what
these activities mean for physiology. We are combining biochemical techniques to analyze the components of the actin cytoskeleton with the genetic
approach of manipulating the expression of these
components in transgenic mice. The analysis of knockout mice for different actin binding proteins helps us
to learn about the physiological relevance of cell motility as well as related disorders in men. Cell lines from
mutant mice are used to study the molecular mechanisms/ leading to the observed phenotypes.

subunits. In addition, gelsolin can form complexes
with monomeric actin which serve as nuclei for de
novo actin polymerization. In the cell, gelsolin associates with F-actin rich structures such as stress fibers
and focal contacts, but also with hemidesmosome cell
contacts. Interestingly, in vertebrates gelsolin is secreted as a plasma form which binds lipids, suggesting an
additional function in lipid transport and metabolism.
Despite its striking activities - mice survive without
gelsolin in a mixed genetic background. Cells isolated
from mutant mice display abnormal actin turnover
and concomitant decrease in motility. As a result,
mutant mice show defects in a number of physiological responses such as prolonged bleeding times,
delayed inflammatory responses, and defects in
wound healing (Witke et al., 1995).
Interestingly, crossing the gelsolin mutation into a
Balb / c background leads to a 98% death rate of
homozygous mutant embryos late in gestation. Laura
Spinardi analyzed the cause of embryonic loss and
found that embryos display extensive hemorrhage,

A new twist on gelsolin function -

angiogenesis and slllooth l11uscle
function in gelsolin l11utant l11ice
(Laura Spinardi)

Gelsolin is the predominant actin filament severing
protein found in mammalian cell extracts. This actin
binding protein intercalates at the side of actin filaments and breaks the non-covalent bonds of the actin
L-

Video 1. (See CD-Rom version for full access to this feature.)
A wild type mouse swims in a pool.
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lack of blood vessels and malformation of the placenta. Also, mutant embryos show a hypertrophic heart
and edema. The primary reason for the defects is disturbed smooth muscle function, not allowing the formation of the smooth muscle layer which normally
lines blood vessels in order to mechanically support
them. In addition, smooth muscle cells provide elasticity to blood vessels, which is essential to support the
heart pumping the blood. Because the smooth muscle
cells are completely absent in the gelsolin mutant
embryos the heart needs to work harder, leading to a
hypertrophic heart which eventually fails to function
(L. Spinardi, manuscript in preparation).
The gelsolin mutation is a good example for a defect
which affects the actin cytoskeleton in smooth muscle
cells in a very specific way, while other cell types are
unaffected. Also, our results show the importance to
consider the genetic background for interpreting the
function of a gene.

Cofilin is highly expressed in all cell types and therefore is a prime candidate for the general actin depolymerizing activity in cells. We have started to examine
the in vivo role of cofilin and ADF (actin depolymerizing factor). In mouse, two cofilin genes (m-cofilin, ncofilin) and one ADF gene were identified. Our expression 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 mcofilin is specifically expressed in muscle tissue. The
onset of ADF expression is postnatal in stomach and
gut. We have generated conditional n-cofilin mouse
mutants, and are in the process of analyzing the phenotype of mutant mice. Preliminary experiments indicate that n-cofilin is an essential molecule and mutant
embryos die early after implantation between day 8.5
and 12.5 of embryonic development. Currently different crosses with ere-transgenic lines are on the way
to specifically address the question of n-cofilin function in T-cells and the brain in adult mice.

Cofilin and ADF - essential actin
depolYl11erizing factors shuttling
between the cytoplasl11 and the
nucleus

Profilin I is a central regulator for
the integrity of the actin
cytoskeleton and early el11bryonic
developl11ent

(Christine Gurniak)
ADF / cofilin are gelsolin related actin filament severing proteins in terms of three dimensional structure.
ADF / cofilin destabilizes actin filaments and induces
rapid depolymerization required for rearranging the
actin cytoskeleton in motile cells. Interestingly, cofilin and ADF can shuttle between the cytoplasm and the
nucleus, and our results suggest that cofilin has to
partially unfold and expose an internal nuclear localization signal for efficient translocation to the nucleus (C. Gurniak, manuscript in preparation).

(J im Sutherland)
There is ample evidence that profilin plays a central
role in regulating de novo actin polymerization at the
membrane. Profilin binds to monomeric actin in a 1:1
complex and this interaction is regulated by PtdInsP 2 .
Profilin can function as an ATP nucleotide exchange
factor for actin and thereby promote polymerization.
Profilin binds tightly to poly-L-proline and recently a
large number of proteins containing poly-L-proline
rich domains have been identified as profilin ligands.
We have identified phosphorylation of profilin as one
mechanism to modulate the interaction with ligands

such as VASP, Mena, diaphanous and others (J.
Sutherland, manuscript in preparation).
We have started to examine the in vivo function of
profilin in mammalian cells and mouse development.
Two profilin genes have been found in mice - profilin
I which is ubiquitously expressed in tissues and
throughout development, and profilin II which is
specifically expressed in brain.
Ablation of profilin I expression in knockout mice
results in very early embryonic loss (Witke et al., 2001).
Homozygous mutant embryos die before the blastocyst
stage. We have therefore generated conditional profilin
I mutant mice which will allow us to analyze profilins
function in the adult mouse. Currently, these conditional mutant mice are crossed with different ere-lines
to generate tissue specific profilin I knockouts.
In addition we have introduced different point mutations into the profilin I gene which affect actin binding,
and poly-L-proline binding. We recently obtained
transgenic knock-in mice for the poly-L-proline binding mutant and are currently analyzing the phenotype of these mice. This will allow us to dissect the
functional role of the individual domains in a mammalian system.
In addition we have initiated studies to use RNA interference to ablate profilin I expression in cultured cells.
This will allow us to follow the defects by using life cell
microscopy.

Profilin II - l11el11brane
trafficking, neurological
disorders and l110re
(Alessia Di Nardo & Ralph Gareus)
Biochemically, profilin II resembles the ubiquitous
profilin I isoform, however profilin II is expressed

'--------------------------------------------------------------------------------- 325 ------------------------------------------.------.----

..-J

EMBL 2001 Research Reports

only in neuronal cells. The specific function of profilin II in brain is not known yet. We have started to
address this question by searching for binding partners
in brain tissue. In collaboration with Matthias Mann's
Group we have identified dynamin I, POP-130,
synapsin, rho-dependend coiled-coil kinase, and
HEM2 as profilin II binding proteins in vitro. We focus
on the interaction of profilin II with dynamin I and
POP-130 and functional studies of these complexes
are in progress. Ralph Gareus has shown that POP-130
is also a membrane protein which localizes to late
endosomes, suggesting another link of profilin to
membrane trafficking. Ralph's analysis of the
dynamin-profilin II interaction led to the surprizing
result that profilin II binds to a region of dynamin I
which normally interacts with a large number of activator molecules such as endophilin and grb2. Profilin
II binding competes with these activators and shuts
down dynamin 1. Upon phosphatidyl-inositol-phosphate binding, profilin releases dynamin I in an active
form. This appears to be the mechanism by which
profilin II regulates membrane trafficking in neurons
(R. Gareus, manuscript in preparation).

To further address this question, Alessia Di Nardo
generated mouse mutants for profilin II by homologous recombination. Surprisingly, neurons from these
mutant mice show an intact actin cytoskeleton, however they have altered kinetics of synaptic recycling.
This ultimately leads to defects in catecholamine
release from synapses which causes severe behavioral
defects in the mutant mice. Profilin II mutant mice
show all signs of anxiety, they are not able to cope
with stress situations and they completely lack maternal behavior. As a consequence of not properly
responding to stress situations, mutant mice are not
able to swim (video 2).

actin binding are necessary to functionally replace
profilin 1.
Profilin II knockout mice have neurological defects
and we want to understand whether the lack of profilin
I in the same neurons would result in a similar phenotype. Since conventional profilin I knockout mice are
not viable we will use a conditional allele for this
study. We are in the process of generating profilin 11cre mice which will be essential for these studies and
which will add to the 'ere-Zoo' collection here at
Monterotondo.

Are profilin I and profilin II
functionally equivalent
regulators of the actin
cytoskeleton?
(Agnieszka Sadowska)
Which activities of profilin determine their role for
mouse physiology - actin binding, or ligand binding?
Our results from the profilin II knockout mice would
suggest that ligands other than actin might playa
major role - at least in mouse.
Both isoforms of profilin bind actin and a certain level
might be required for proper regulation of actin polymerization. We are currently examining double
mutants for profilin II and profilin I, which have only
one functional profilin I allele. Simply reducing the
concentration of profilin would then result in phenotypic defects. Preliminary results suggest that a certain
threshold of profilin is necessary for proper embryonic
development.

Video 2. (See CD-Rom version for full access to this feature.)
A profilin II mutant mouse floats without any attempts to swim.

Furthermore, we are in the process of exchanging the
coding region in the profilin I locus with the profilin
II gene. This will tell us whether other functions beside
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