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BIOCHEMICAL INSTRUMENTATION PROGRAMME 

In addition to its involvement in instrument and technical development, the Programme serves as a core facility for 
scientists at the EMBL. It is complemented by research on methodology, biochemistry, chemistry, software and 
process automation to solve specific biological problems as they arise. 

The Biochemical Instrumentation Programme includes three groups, each of which has successful collaborations 
with many groups in the other Programmes. Among major achievements and instrument developments are: 

Biological mass spectrometry 

Nano electro spray ion-source for mass spectrometry, a miniaturized and highly sensitive version of the electro spray 
technique. The improvements result in better resolved spectra of proteins and have made some classes of com-
pounds which were difficult to analyse before amenable to analysis. 

Automation of sample preparation for protein micro-characterisation and identification. A robotic workstation has 
been set-up which performs gel washing steps, reduction and alkylation, proteolytic cleavage (with one or more 
enzymes), and the final peptide extraction. Up to 30 samples can be processed in a fully automated way in 16 hours; 
peptides are compatible with HPLC and MS analysis. 

Database searching and comparison with information obtained by mass spectrometry are used for large-scale pro-
tein identification. The technique is based entirely on mass spectrometric analysis, and avoids any blotting of pro-
teins or peptide separation after digestion of the protein. Pep tides in the digest mixture are sequenced by MS and 
the protein identified by a database search. The technique has been tested with yeast proteins. 

DNA sequencing technology 

Automated multiple dye DNA sequencing system with fluorescent labels 

A new automated DNA sequencing system with 120 clones and a throughput of up to 100 kbases of sequence from 
a single gel run has been constructed. The system gives at present the longest reported readouts (up to 1300 bases), 
the highest throughput (up to 200 clones) and the highest accuracy. A novel automated technique for sample load-
ing has been developed. 

Doublex system for on-line simultaneous DNA sequencing on both strands 

The novel Doublex sequencing technique allows the simultaneous on-line sequencing of two DNA strands of a dou-
ble stranded template, in a single sequencing reaction. Per sequence reaction 2,000 bases or more are obtained, 
improving the cost efficiency. The Doublex technique, with high accuracy simultaneous sequencing of both strands 
and long reads, is particularly efficient for cDNA sequencing. 

Internal labeling and long reads 

New thermostable enzymes and cycling protocols, resulting in uniform peaks, were introduced in our sequencing 
system with labeled primers, and reading lengths of up to 1,300 bases per dye were obtained. Direct sequencing and 
primer walking on large vectors (cosmid, PI) are successfully performed. 
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Microinjection 

An automated, highly sensitive, high-resolution imaging system using a cooled slow scan CCD camera was used 
for digital micro-photography, time lapse acquisition and optical sectioning for studies on living cells. It was 
applied to the analysis of RNA splicing, in vivo observation and motility studies of organelles, and for the localiza-
tion of mRNA in Drosophila oocytes. 

Nucleic acid chemistry 

Base analogues in DNA-

Oligodeoxynucleotides carrying different base analogues have been prepared as substrates to measure enzyme 
kinetics for structural determination. Oligonucleotides carrying 15N-Iabelled adenine and 13C-Iabelled N-methyl-
adenine were used to study the binding of EcoR1 methylase to its recognition sequence. 

Modified oligodeoxynucleotides as inhibitors of gene expression 

Oligonucleotides complementary to the Ha-ras oncogene, carrying small molecules at the 3' end 5' end, have been 
prepared as potential anti-cancer drugs. The groups linked to the oligonucleotides were small peptide sequences, 
sugars, lipids and small aliphatic amines. Phosphorothioate oligonucleotides carrying dexamethasone and digoxi-
genin have been prepared for studies of cellular uptake and of intracellular distribution by immunoelctron 
microscopy. 

Core facility 

The demand for most services increases every year. The prices for the services were held at a stable level. There has 
been an increased demand on mass spectrometry by in-house groups, which we hope to cope with by providing 
additional equipment, optimization and automation of protocols. 

Courses and conference 

During this. year the following courses were organised at EMBL: two EMBO courses on "Microinjection, 
Electroporation and Particle Transfection of Cells," and on "Biological Mass Spectrometry"; a course on "Techniques 
in Molecular Biology" for the predoctoral students at EMBL, as well as an advanced biotechnology workshop on 
"Advanced Methods in DNA Sequencing" funded by the European union. A FEBS/EMBL course on "DNA 
Sequencing and Microinjection" was organised in Prague. The Fourth International Conference on Automation in 
Mapping and DNA Sequencing (AMS '97) was organised at EMBL in March 1997. 
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Biochemical Instrumentation Programme 

Development of microanalytical techniques 

Group Leader: W. Ansorge 

Scientists, engineers: M. Ashman, A. Atzberger, V. Benes, M. Benesova, D. Borkova, H. Drzonek, H. Erfle*, 
K. Faulstich, U. Nentwich, S. Rechmann, A. Richterova, R. Saffrich, C. Schwager, E. Schwan, V. Starkuviene, 
J. Stegemann, H. Voss*, J.-Zimmermann 

Postdoctoral fellow: U. Wirkner 

Predoctoral fellow: R. Ventzki 

Visitors: M. Alves de Almeida, H. Bloeckner, M. Collasius, H. Crespeau, C. Dietrich, R. Ehrnstroem, R. Ericson, 
S. Flanagan, W. Hennig, A. Kal, G. Kaver, D. Kelefiotis, C. Kilger, S. Krieger, C. Murphy, C. Oste, S. Paeaebo, 
H. Pavlu, Y. Ping, G. Posern, J. Rogers, I. Stratidaki, M. Sieber, M. Wagner, G. Wang, K. Weber Mathiesen, 
M. Weichselgartner, J. Weissenbach 

Technician: A. Stein 

ARAKIS automated DNA sequencing system 
with fluorescent labels 

The development of hardware, software, biochemical 
technology, robotics and automation of the EMBL auto-
mated DNA sequencing system was continued. EMBL 
is participating in genome sequencing projects and has 
thus recently been involved in the development of high 
throughput technology (maintaining accuracy, long 
reads, low prices). ARAKIS, new high throughput mul-
tiple dye sequencers, were constructed and routinely 
used in the sequencing service and other projects. 

A major achievement during 1997 was the production 
of 8 ARAKIS devices (of 10-12 planned devices in this 
prototype series) for DOUBLEX operation with two 
dyes and 60 samples run simultaneously on one gel. 

An on-line automated DNA sequencing technology 
with a throughput of around 200 kilobases of sequence 
per device per day, representing an approximately ten-
fold improvement over the standard techniques, was 
designed. The new high density array detector system 
is used in routine sequencing with 60 samples run 
simultaneously on one gel. The miniaturization of the 
continuous array detector and of the sample tracks 
geometry is continuing. The tests show that each detec-
tor row can be used to determine DNA sequence of (at 

present) 40 samples. The detector board can accomo-
date up to five detector rows, one row for a different 
fluorescent label, each for 48 samples (giving potential 
total capacity of 240 samples). 

To analyse data derived from these sequencers, a basic 
data evaluation software package (LANE TRACKER) 
with a new algorithm has been written and continu-
ously improved. It evaluates and handles data by 
choosing the correct detector for each sample track, 
and then passes the data to the standard base-calling 
program. We expect that it will be possible to double 
the track density to 384 lanes, which would allow us to 
increase the number of samples per detector (laser) 
row to 96. 

Several labor intensive and throughput-limiting steps 
were solved and routinely applied, e.g. multiple sam-
ple gel loading (see below) by developing a simple but 
efficient technique using porous combs. Removing 
another bottleneck, construction and supply of 60 cm 
long thermostatic glass plates were secured from the 
Czech Republic. 

The protocols used in the routine DNA sequencing 
work in our laboratory are collected and continuously 
updated for each EMBO course, aIld were issued as the 
first EMBO course book manual. 
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An automated system for "DOUBLEX" 
on-line simultaneous DNA-sequencing 
on both strands 

The DOUBLEX technique in the ARAKIS devices 
allows the simultaneous on-line sequencing of two 
DNA strands of a double-stranded template in a single 
sequencing reaction with two different primers, each 
labeled with a different fluorescent dye. Simultaneous 
sequencing is also from one reaction with the 
use of two unlabeled primers and internal labeling by 
two dNTPs labeled with different dyes. 

The DOUBLEX sequencing technique is applicable to 
the simultaneous sequencing of either the same DNA 
template/ strand or a mixture of different templates. 
Combinations of unlabeled and labeled primers in the 
same reaction are also possible. The product containing 
the two sequencing reactions is loaded on the gel, 
excited by two laser beams, and detected at two differ-
ent positions in the gel. Since the sequences of both 
strands of the template are determined simultaneously, 
the costs of labour, DNA template preparation and 
sequencing reactions, as well as of gel casting, are 
reduced by a factor of two. The price reduction from 
the resulting lower redundancy and longer reads is in 
fact even higher. The QUADRUPLEX system under 
development, using four lasers and dyes, will allow 
simultaneous determination of 4000 bases in a single 
sequencing reaction. This new device and technique 
are routinely applied in the EMBL sequencing service 
and other projects. 

Thermosequencing with modified 
nucleotides 

This is a new DNA sequencing method that has been 
developed in the group by K. Faulstich, using 5'-
amino triphosphate nucleotides as substrates for poly-
merases. These compounds have been chemically syn-
thesised for all four 2' deoxynucleotides. Once incorpo-
rated into a strand, the produced phosphorous-nitro-
gen bond can be cleaved under temperature-, 
microwave- or pH-control. Even digestion from the 3'-
end of the modified strand up to the incorporated 
aminonucleotide can be used to produce sequencing 
fragments. The new enzymatic sequencing method is 
cheap and is expected to allow a decrease in the 
amount of DNA starting material down to the 
picogramm range without an additional step to pre-
pare a PCR product. Many other applications are pos-
sible following this new sequence, or therapy for retro-
viral infections, since the compounds will lead to viral 
DNA that decomposes itself. The compounds and their 
starting materials were tested by micro injection into 
HeLa cells and found to be non-toxic. 
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Thermostable enzymes, cycling and PCR 
protocols 

New genetically modified thermostable sequencing 
enzymes which generate uniform signal peaks in cycle 
sequencing protocols with· labeled primers were 
analysed. 

Genetically modified DNA polymerases, combinations 
and chimeras from different organisms, with increased 
thermostability, were designed and their performance 
was tested in sequencing reactions. Sequencing per-
formance both with labeled and unlabeled primer 
yields uniform unambiguous signals up to the resolu-
tion limit of the gels. Primer walking with internal 
labeling was successfully performed on PAC con-
structs with 130 kb inserts. 

A technique for Direct Sequencing of Genomic PCR 
products from the solution, without strand separation 
on solid support, was developed as an alternative to 
the standard solid phase techniques. In collaboration 
with the group of M. v. Knebel, Heidelberg, the method 
was established on clinical samples of the human APC 
gene. The advantages of the technique are: (i) biotiny-
lated primers are not needed for amplification; (ii) 
sequencing works also for larger (> 1kb) sized PCR 
products; (iii) either strand of the PCR product can be 
sequenced with the same quality; (iv) both strands of 
the PCR product can be sequenced simultaneously by 
the DOUBLEX technique with the EMBL 2-dye DNA 
sequencer, increasing the accuracy of the data signifi-
cantly. In a single run, we have sequenced 1,800 bases, 
completely through a 900 base pairs genomic PCR 
product on both strands. 

Low redundancy sequencing strategy on 
BAC clones 

An efficient combination of random and directed 
strategies (RAND! strategy) has been established for 
BAC scale sequencing projects, based on the DOU-
BLEX technique for on-line simultaneous DNA 
sequencing on both strands with long reads. Random 
clones are generated by partial digestion of a BAC 
DNA with frequently cutting restriction endonucleas-
es. After initial assembly with the GENESKIPPER pro-
gram, the remaining gaps and single stranded regions 
of the BAC insert are completed by a small number 
(around 80) of walking primers. 

The longer the sequence reading length (2,000 bases 
from both strands in a single sequencing reaction) 
achieved per sample, the higher the efficiency of the 
strategy. The overall redundancy is reduced to 3.5 - 4. 
An advantage of the RANDI strategy so far has been 



-----------

the absence of cloning gaps. The sequence of a BAC 
insert may be determined on only 6 - 8 long gels with 
the DOUBLEX technique. The strategy is applicable 
both to small and large scale sequencing projects. 

RANDI has been applied with success in the sequenc-
ing of a BAC vector in the Arabidopsis Genome project 
funded by the European Union. In a concrete case of 
BAC from Arabidopsis plant DNA, insert length 96.5 
kilobases, the number (')f Doublex reads was 480, the 
average reading length 773 bases, the number of walk-
ing primers for the finishing phase was 80, the overall 
sequence redundancy 3.9. 

Another strategy (ordered shotgun libraries, shifting 
redundancy from the sequencing into the mapping 
step) was evaluated on the BAC clones with the group 
of J. Hoheisel, Heidelberg. This is a very promising 
strategy for sequencing genomes. 

Automated workstations, robotics, gel-
loading system 

The BIOMEK 2000 workstation was implemented into 
the robotic system of the laboratory with further 
improvements of sequencing protocols for the service 
and other projects. The new cycle sequencing protocols 
with novel thermostable DNA polymerases, for DOU-
BLEX reactions on ARAKIS systems, were automated 
on that platform. An automated PCR device was inte-
grated into the robotic workstation, allowing continu-
ous operation without human intervention. 

The development of an automated purification system 
producing DNA from various templates (M13, plas-
mids, cosmids, BACs, blood) in a single robotic system 
is in progress. We are collaborating in this field with 
the Macherey & Nagel and Beckman companies. The 
existing fully-automated plasmid DNA extraction sys-
tem, with a capacity of 240 samples per day, has been 
in use in sequencing as well as other applications. 

The novel gel-loading technique with special porous 
combs developed by the group, allowing the simulta-
neous loading of a very high number of samples to a 
gel (currently used with 192 lanes), has been adapted 
for fully automated operation on the Biomek 2000 
robot. It is routinely used in DNA sequencing, but 
other applications are in DNA fragment analysis and 
protein separations. 

Micro-robotics systems are being developed for the 
DNA/RNA microchip and microsynthesizer. A nano-
volume delivery system with possible applications for 
DNA microchips has been tested in collaboration with 
S. Winkler from the Electronic Workshop. 

Biochemical Instrumentation Programme 

Software developments: GeneSkipper, PC 
Network 

GENESKIPPER. The fragment assembly and DNA 
sequence analysis package GeneSkipper has been fur-
ther improved. The new SCF 3.0 trace data file format 
as well as Clustal inultiple DNA alignment file formats 
have been integrated. As in previous years, the pro-
gram has been sold to several research groups in 
Europe. 

Data acquisition software for the ARAKIS sequencer. A 
new version of the data acquisition software is imple-
mented in Borland's Delphi programming environ-
ment. The new version will be a full 32-bit version and 
can finally be run under MS Windows NT. The use of 
Delphi will enable us to integrate communication with 
the DNA sequencing service database. 

Lane tracker. A new version of the lane tracking soft-
ware is under development. The presently-used pro-
gram reveals drawbacks under certain experimental 
conditions. A new implementation of different algo-
rithms will circumvent these problems. The new soft-
ware is programmed for state-of-the-art PCs. In the old 
version, precautions for low-memory PCs slowed 
down the tracking process significantly. The new pro-
gmm is implemented under Delphi, too. This enables 
the reuse of code developed for data acquisition tasks. 

PC Network. During 1997 the network connections 
were changed from Thin Wire Ethernet to Twisted 
pairs by the computer group. In 30 of our PCs, the net-
work interfaces had to be exchanged, configured and 
the network software had to be reinstalled. On 12 of the 
newer machines, the network adapters had to be 
reconfigured. To reduce the number of operating sys-
tems used in our group, the data acquisition PCs on the 
Pharmacia A.L.E sequencers have been migrated to 
Windows 95 and Pharmacia ALFWin software. All PCs 
running MS Windows 3 xx have been upgraded to MS 
Windows 95. 

Technology Transfer 

A major achievement during 1997 was the production 
of 8 ARAKIS devices (from the 10-12 planned devices 
in this prototype series) for DOUBLEX operation with 
two dyes and 60 samples run simultaneously on one 
gel, and their delivery to J. Weissenbach (Genoscope, 
Paris) S. Piiiibo (Genome Centre, Munich) and to LION, 
start-up company in the genomics and bioinformatics 
field. Several other ARAKIS will be delivered in 1998. 

Within the framework of technology transfer to the 
LION Bioscience company, in addition to ARAKIS 
technology, we provided GENESKIPPER and LANE-
TRACKER programmes, the installation and configu-
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ration of a Windows NT Network with an NT server 
and workstations, user support and administration 
support for Windows NT, installation and configura-
tion of a Biomek 2000 workstation for DNA sequencing 
and gel loading, the installation of the EMBL laborato-
ry management system for demonstration and plan-
ning purposes, and training of personnel for data base 
design. In the Heidelberg Innovation company, we 
installed Windows NT infrastructure and provided 
user support. For the collaBoration in automation with 
Macherey & Nagel, robotic infrastructure was installed 
at the company. 

Multiple DNA synthesizer, primers for 
sequencing 

The multiple segmental DNA synthesizer developed at 
EMBL has been used routinely for the synthesis of 
inexpensive sequencing and PCR primers, including 
modifications with fluorescent and biotin labels. The 
primers were used in the EMBL sequencing service as 
well as by several European groups involved in the 
functional analysis of the Yeast Genome. 

Orders of primers by users have been greatly simpli-
fied by the introduction of ordering via the World Wide 
Web system, where the submitted sequence is directly 
transferred into the computer of the synthesizer, with-
out error-susceptible retyping. Ordering may be car-
ried out from any computer platform, including from 
outstations. Usually, the primers can be delivered the 
next day. 

Further improvements in the performance of the syn-
thesizer are expected from a collaboration and a com-
mon grant from the European Union, received with a 
commercial partner and with two other European lab-
oratories, to apply the device and synthesized oligonu-
cleotides to routine applications in clinical diagnostics. 
The system is being evaluated by the team of P. Oudet, 
in Hospital St. Pierre, Strasbourg, in automation and 
DNA sequencing in a clinical environment. 

Automated system for genetic mapping 

High throughput automated DNA fragment analysis 
system was established for collaboration with the lab-
oratory of Ee. Kafatos, with applications to genetic 
mapping of refractory mechanisms of Anopheles gambi-
ae against Plasmodium parasites. A detailed genetic map 
based primarily on micro satellite markers has been 
completed and can now be used for identifying genes 
affecting the development of the malaria parasite in the 
mosquito. The system, a modified A.L.E automated 
DNA sequencer equipped with an automated gel 
loader developed by the group, is used to analyze size 
differences of fluorescent PCR products resulting from 
different alleles of micro satellite markers. The system 
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is operational; a single gel is re-Ioaded up to five times 
and 200 PCR reactions are analysed per day by one 
person. 

Sequencing full-length human cDNAs 

Sequencing is carried out on the automated ARAKIS 
technology designed in the group by DOUBLEX simul-
taneous sequencing of both strands in a single reaction 
with two fluorophores. Readings may attain 2,000 
bases per single reaction, which makes the technology 
particularly suitable for cDNA sequencing projects. 
The superior accuracy and reading length of the sys-
tem was verified in many routine sequencing projects. 

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

Several hundred cDNA clones have been sequenced in 
collaboration with the Euro-Image initiative (funded 
by the European Union and coordinated by e. Auffrey, 
Paris). Several teams have joined forces in a single 
group to sequence many thousands of full-length 
cDNA clones in a grant under the German Human 
Genome project, funded by the BMBF ministry. 

Yeast, Arabidopsis and human genomes, other 
DNA sequencing projects 

As part of a consortium of laboratories funded by the 
EU which are involved in sequencing of complete 
genome of the plant A. thaliana, the group determined 
the sequences of several BAC clones with a total length 
of over 330 kilobases of plant genomic DNA from the 
long arm of chromosome 4. The RANDI strategy 
exploited in the course of the project together with 
ARAKIS sequencers proved to be a very efficient tool 
in genome scale sequencing projects; long reads 
achieved on ARAKIS facilitate the assembly of the final 
contiguous sequence and enables significant reduc-
tions in the number of clones needed to complete of the 
project. 

In collaboration with the University of Heidelberg 
(group of G. Rapphold), we are sequencing two cosmid 
clones which encompass a gene whose defect is 
responsible for mental retardation associated with 
fragile X chromosome syndrome in humans, mapped 
through positional cloning on the long arm of chromo-
some X. Repeating sequence patterns that are distrib-
uted through complex genomes are usually difficult to 
position unambiguously. We have been able to assem-



ble the contig correctly even in the regions containing 
these elements due to the reading lengths of over 1,000 
bases obtained from ARAKIS. 

In the course of a joint project with the group of S. 
Paabo (University of Munich), by means of the direct 
sequencing of PI clones pulled from the human 
genomic library, we discovered the integration of 
almost complete mtDNA (13.5 kb from 16.5 kb) into the 
nuclear genome as welt as several other shorter inte-
grated pieces. These integrations on different chromo-
somes can be seen as molecular fossils and can be used 
in evolutionary studies. 

In collaboration with the Biochemical Cell Physiology 
group from the German Cancer Research Center, the 
gene structure and the promoter region of the human 
catalytic subunit a of the protein kinase CK2 has been 
characterized. It spans a 70 kb region and consists of 13 
exons and the promoter region, which has been identi-
fied by reporter gene assays and has a so-called house 
keeping character. Since it has been reported that this 
protein kinase can also function as an oncogene if its 
transcription is dysregulated, the regulatory regions of 
the gene are of particularly great interest. 

With Steven Cohen and Marek Mlodzik from the 
Developmental Biology Programme, we continued in 
the characterization of plasmids rescued either from 
genetically identified lethal P-element lines in the fruit-
fly or from lines obtained from modular overexpres-
sion screens. Several new genes whose products are 
responsible for critical steps in embryo development 
have been identified. 

With K. Leonard and S. Labeit we are collaborating in 
determining the genomic structure of the gene for ket-
tin, a high molecular weight protein (700 kDa) found in 
insect muscle. 

With the network of laboratories organized by the 
Europen Union (EUROFAN) and the German ministry 
BMBF, we are collaborating in the functional analysis 
of the yeast genome. We provided biological material, 
clones and data from sequence analysis as well as some 
primers prepared on the EMBL segmental synthesizer 
to other groups in the network, organized by A. 
Hinnen in Jena. 

With D. Bohmann in the EMBL Cell Regulation 
Programme, we have sequenced plasmids rescued 
from genetically identified lethal P-element lines of 
Drosophila. 150 plasmids were sequenced and several 
interesting genes have been identified based on 
sequence similarities (e.g. the zinc-finger type tran-
scription factors Stripe and Bowel). Many other poten-
tially interesting homologies to yeast, C. elegans and 
vertebrates were found. The results suggest that this 
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approach is valuable and it may be continued with I 
many systematically identified lethal or phenotypic P-
insertion lines. 

We collaborate with C. Herfarth and M. v. Knebel, of 
the University Clinics in Heidelberg, in the analysis 
and early diagnostics of colon carcinomas; a common 
grant from BMBF provides a basis for technology 
transfer from a research laboratory into clinical diag-
nostics. 

Within the framework of the European Chair 
Programme (between EMBL and Charles University, 
Prague) organised by the European Union, the human 
Cystathionine-Beta-Synthase (CBS) gene of nearly 30 
kB in length, containing 23 exons, was sequenced. Two 
alternatively used GC-rich promoter regions lacking 
the classical TATA box were described. Alternative 
splicing and polymorphism were analysed in collabo-
ration with the department of M. Elleder and V. Paces, 
Prague. 

Gene Expression and functional genomics 

SAGE technique 

In the frame of the EUROFAN yeast gene expression 
analysis consortium, the dynamic and comparative 
gene expression pattern analysis in yeast, grown under 
different conditions, was carried out by the SAGE 
(Serial Analysis of the Gene Expression) technique 
with extensive DNA sequencing, in collaboration with 
H. Tabak, University of Amsterdam, and with B. 
Dujon, Pasteur Institute, Paris. The results have 
demonstrated expected as well as unexpected changes 
in the gene expression pattern corresponding to 
changes in metabolic conditions. There are further 
projects by the group to use the SAGE technique in 
monitoring and comparing gene expression patterns in 
research, clinics and diagnostics projects. 

DNA chip technology 

Two methods of preparing DNA chips were investigat-
ed: 

First, to bind preformed oligonucleotides or DNA 
(PCR products) to glass surfaces. This was accom-
plished by coating the surface with poly-I-lysine, spot-
ting the DNA onto the chip and crosslinking the com-
pounds with UV light. In addition to this binding pro-
cedure, we are working on new chemistries to bind the 
DNA in a specific covalent way to the glass, including 
amide and ester bonds as well as a biotin-streptavidin 
system. Hybridisations were done by CY3-labeling of a 
cDNA coding a heat shock protein (dmhsp 26) by 
reverse transcription from an RNA isolated from 
Drosophila melanogaster embryos in cooperation with P. 
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Becker (Gene Expression Programme). Spotting proce-
dures were developed with a Beckman Biomek 2000 
robotic workstation using a nail as a tip. We were able 
to produce drops down to 250 pm. Another spotting 
procedure was developed using microinjection capil-
laries and instrumentation with spots down to 5 pm. 
Detection was performed using a reverse microscope 
and a CCD camera. 

Secondly, we are planning a miniaturized oligonu-
cleotide synthesizer that is able to produce several 
thousands of oligonucleotides by an 'on-chip-synthe-
sis' technology. A slightly modified chemistry com-
pared to standard oligonucleotide synthesis will be 
used to keep the production compatible with the print-
ing devices. As printing devices we will use microin-
jection equipment producing drops down to 5pm or a 
simple ink jet printer. The sequence of the oligonu-
cleotides is defined-in contrast to several other tech-
nologies-by selective deprotection of growing 
oligonucleotide chains on the surface without masks or 
light directed strategies. These chips can be used for 
gene expression studies. 

DNA sequencing service 

At the end of 1997 ARAKIS, the new EMBL two-dye 
sequencer with long read outs and capacity of 60 
clones, was introduced into service. The capacity of the 
service was increased. Over 3,500 clones were 
processed, with average reading lengths on standard 
devices increasing to 560 bases. Successful runs on the 
ARAKIS yielded average readings of 750 bases; up to 
1,300 bases were achieved from both strands simulta-
neously and over 2,000 bases from a single sequencing 
reaction. 220 staff members were regular users of the 
service. The number of standard samples exceeded 
3,500. Average time between sample deposit and 
sequence distribution was four days. 40% of the users 
requested short readings of fewer than 500 bases, 
which brought the average reading length to 560 bases. 
The number of different vectors declined to 78 types; 
the number of bacterial hosts used for cloning and 
sequencing was reduced to 24. Standard vector sys-
tems, e.g. PBL derived vectors, resulted in repro-
ducibly long readings. 

The service's activities include preparation of DNA, 
sequencing of single-stranded, plasmid, cosmid, lamb-
da DNA and PCR products. Preparation and sequenc-
ing reactions are performed on automated Biomek 
robotic workstations and analysed with the EMBL 
automated single and multiple dye fluorescent 
sequencing system, and its commercial version A.L.E 
(Pharmacia). 

The quality of the thermostable enzymes used in the 
newly introduced cycling reactions varied significantly 
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in the first several batches, and so did the quality of the 
sequence obtained. By the middle of the year we had to 
optimize the protocols and again to evaluate all avail-
able polymerases as to reproducibility and reliability. A 
suitable protocol was established and the quality and 
reproducibility were constantly high. 

During the year, computer services were further 
extended. Information about service operation, and 
updated status information, can be obtained via the 
WWW. Direct contact to the operating staff and infor-
mation sources are available. Raw data races are avail-
able for PC users. The server will be further extended 
to reduce administration to a minimum. 

The sequence information formatted for use in GENE-
SKIPPER, GCG, Oligo and other computer programs is 
transferred via electronic mail to the user's file on the 
VAX computer. The service provides advice on 
cloning/ sequencing strategies and custom design of 
walking primers. 

The overall success rate has been kept stable at around 
87%. The most frequent reasons for failure were low 
quality or amount of DNA, resulting from the use of a 
large number of non-optimised non-standard cloning 
vectors, bacterial host systems, and from non-optimal-
ly designed sequencing primers. 

To increase performance and reliability, the computer 
network was expanded, additional service facilities 
were added and the operating system was replaced by 
Windows-NT and/or Windows for Workgroups. The 
program for computer administration of service activi-
ties had been further improved and is a key factor in 
efficient paperless track keeping, quality control and 
budget charging of processed samples. 

Gel and film scanning 

The Molecular Dynamics PhosphorImager and the 
Ultroscan Laser Densitometer (Pharmacia LKB) are 
used by the EMBL staff for scanning of autoradiograms 
and coomassie and silver stained gels. Maintenance, 
development, user training and advice are provided. A 
new scanning and analysis software package for the 
Ultroscan system has been installed. The menu-driven, 
mouse-operated program allows an easy and intuitive 
evaluation of the gels. The package was installed on a 
faster Pc. There is a need for higher performance 
upgraded Image device at EMBL; the search and instal-
lation should follow in 1998. 

Microinjection, electroporation and particle 
transfection of cells 

An automated microinjection system (AIS) is offered 
for use to groups at EMBL, a commercial version 



(Zeiss) of the device developed in the group. A semi-
automated injection system (commercialised by 
Eppendorf) is also used in some projects. The systems 
have been equipped with a second manual manipula-
tor for holding capillaries used in oocyte and embryo 
injections. The electroporation system developed by 
the group and the commercial device (Eppendorf) are 
used for electro-transfections of living cells. 
Maintenance, training, help with biochemical assays, 
evaluation of results is provided to users. 

The system is established as a useful technique in cel-
lular biology to study processes on a single cell level. 
New and advanced experiments were tested with the 
system, like double injections, immediate fluorescence 
observation after injection, injection of protein crystals, 
and of large YAC-DNA. 

Development and application of microinjection and 
micromanipulation instrumentation is another part of 
the activities in the group. Major achievements in the 
automation of the microinjection technique have been 
made in the last years and the resulting systems are 
available for all groups at the EMBL. Together with 
instrumentation development, a number of different 
and novel applications have been investigated further 
in collaboration with other groups: the injection of 
embryo oocytes and eggs of different species, multiple 
injection into somatic cell culture cells, protein crystal 
injection and microinjection in direct combination with 
video microscopy for motility assays. Furthermore, 
automated systems for the analysis of microinjection 
experiments have been developed and installed. These 
consist of low light level fluorescence microscopy, time 
lapse video microscopy, digital image acquisition and 
processing. In addition, devices for micromanipulation 
of cells and other microscopic objects based on optical 
traps and laser microbeams are available and used 
alone or in combination with microinjection. We pro-
vide permanent maintenance, support and training on 
the installed systems as well as help with biochemical 
assays, evaluation of results and user advice for 
microinjection experiments. A cell culture facility com-
pletes the equipment of the lab. The systems available 
in the micro injection and low light level microscopy 
lab were used extensively by a number of groups from 
EMBL in their projects: 

Anne Ephrussi's group: The mechanism of transport 
and localisation of osk RNA in Drosophila oocytes was 
studied by injection of fluorescently labeled RNA. 
Drosophila oocytes were injected at stages 9-11. It has 
been found that similar to endogenous osk RNA, the 
injected RNA localised to the pole plasm of the oocyte. 
As a result, these experiments showed that at late 
stages (9-11) of oocyte development, the long range 
movement and transport of the RNA is assisted by 
strong microtubule-dependent cytoplasmic flow. It 
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could also be shown the role of the osk RNA anchor in 
the localisation process. 

Dirk Bohmann's group: The role of the transcription 
factor c-Jun as a target for different MAP kinase signal 
pathways in PC12 cells was examined to address the 
question of how the specificity of MAP kinase sig-
nalling pathways is maintained in cells. With Sirpa 
Leppa of the Bohmann group, we applied microinjec-
tion for this purpose. PC12 cells were transiently trans-
fected with a number of different c-Jun (c-JunWT, c-
JunA1a, c-JunAsp) and MAP kinase constructs and deriv-
atives and observed for different cellular responses, 
especially differentiation and apoptosis. Phos-
phorylation of c-Jun leads to cell differentiation into a 
neuron-like cell and neurite outgrowth. It was found 
that c-Jun is a target both for ERK (differentiation) and 
JNK (cell death) signalling in PC12 cells. The results 
suggest that c-Jun is involved in directing differentia-
tion independent of whether it has been phosphorylat-
ed by ERK or JNK, and is not directly involved in the 
JNK signalling leading to cell death but rather prevents 
apoptosis in PC12 cells. 

Carlos Dotti's group continued to use microinjection 
and low light level fluorescence microscopy. The latter 
was used i.e. in high resolution measurement of the 
localisation of presenilin proteins in the different com-
partments of primary cultures of rat hippocampal neu-
rons during neuronal differentiation with our cooled 
CCD camera system. Microinjection, micromanipula-
tion and microdissection of sensitive and fragile pri-
mary neurons were used in several experiments. 

Ee. Kafatos' group and a visitor from Imperial College 
of Science Technology & Medicine, London established 
and improved the technique for the microinjection of 
eggs from Anopheles gambiae (and other Anopheles 
strains). The success rate of injections could be 
increased from about 20-30% to about 70%. The main 
problem that has to be solved is the survival rate dur-
ing further cultivation of the eggs after microinjection 
and finally giving rise to hatching eggs. This will be 
aimed in future work on this project. 

Other users of the microinjection or the low light level 
fluorescence microscopy system were from the groups 
of G. Griffiths, T. Graf, T. Hyman, E Kafatos, R. Klein, 
I. Mattaj, T. Nilsson, M. Saraste, K. Simons, E. Stelzer, 
M. Way, etc. 

During the year we had several visitors for training in 
microinjection techniques in our lab, partially working 
in a collaboration with our group. Guido Posern from 
the University of Wiirzburg worked in the lab for three 
months to learn microinjection and start a project to 
microinject high affinity Crk-SH3 binding peptides 
into PC12 cells. The Crk adapter proteins, consisting 
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mainly of SH2 and SH3 domains-are major compo-
nents of the Crk signaling pathway. The first SH3 
domain of Crk binds to a number of downstream tar-
get proteins while the SH2 domains are able to bind to 
i.e. to tyrosine-phosphorylated proteins. Using pep-
tides which bind with high affinity to the first SH3 
domain, we investigated whether the peptides are able 
selectively to block the Crk signaling pathways. The 
cellular response to microinjection of these peptides 
was monitored by of PC12 cells and 
process formation. The experiments did not show clear 
results and finally it could be shown that the peptides 
were subjected to rapid degradation in the cells with a 
half-time of about 0.5 hours. This short lifetime pre-
vented observations of cellular response to these pep-
tides in a time scale of 24-48 hours. Short time effects 
that perturb the Crk signalling pathway could be 
observed-like rapid reorganisation and distribution 
of actin filaments in PC12 cells upon NGF stimulation. 

An in vivo study of the dynamics and function of coiled 
bodies in mammalian cells was the interest of visitor 
Maria Fatima Alves de Almeida from the University of 
Lisbon, Portugal. To examine especially the involve-
ment of coiled bodies in snRNP biogenesis or recycling 
and thus for splicing of pre-mRNA, she used microin-
jection of a number of anti-coilin antibodies and time 
lapse fluorescence video microscopy of injected HeLa 
cells. Four of the injected antibodies induced a specific 
disappearance of coiled bodies within approximately 6 
hours. After their disappearance, coiled bodies did not 
re-form when observed up to 3 days after injection. It 
was found that the cell cycle progresses normally, 
snRNP distribution in the nucleoplasm remained 
unchanged and no obvious change of cellular function 
was observed. In further experiments it was shown 
that pre-mRNA splicing is still performed properly 
after disassembly of coiled bodies by anti-coilin anti-
bodies. These results lead to the conclusion that the 
coiled body is not essential for pre-mRNA splicing in 
He La cells. 

We continued our collaboration with Carol Murphy, 
now at University of Ioannina, Greece, as a visitor with 
the group of Marino Zerial from EMBL. The effect of 
the rho protein RhoD on early endosome dynamics 
and distribution in BHK cells was studied in extensive 
time-lapse video microscopy experiments. The dynam-
ics were analysed quantitatively using a program 
developed by Jean-Christophe Olivo from the group of 
Christian Boulin. Early endosomes were visualised 
either by uptake of rhodamine labeled human-trans-
ferrin in BHK cells in vivo or by transient transfection 
with EEA1-GFP or Rab5-GFP fusion proteins used as a 
marker for membranes of early endosome. The second 
approach was also used in further investigations of the 
homotopic early endosome fusion events in Rab5Q69L 
transfected BHK cells. 
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The microinjection facility was also involved in several 
collaborations with groups outside EMBL. The suc-
cessful collaboration with the group of Wilhelm Just 
from the Biochemiezentrum, Heidelberg on peroxi-
so:rp.e motility was carried out in 1997. Peroxisomal 
motility was studied by observation of peroxisomal 
targeted GFP (GFP-PTS1) with time lapse fluorescence 
imaging in vivo in CHO cells. After elucidating the 
dynamic behaviour and dependence on ATP and 
microtubules, we were interested in the mechanism 
regulating the peroxisome movement. Our findings 
suggest a new type of organelle motility regulation 
mediated by a heterotrimeric G-protein (GdGo) - phos-
pholipase A2 signaling pathway, not been observed so 
far with other cell organelles or in vesicular transport. 
This indicates the existence of individual regulation of 
motility in cells by distinct mechanisms. 

We also continued our collaboration with the group of 
Martin Eilers (University Marburg) on the function of 
the proto-oncogene c-myc in cell proliferation and 
apoptosis in mammalian cells. The effect on cell prolif-
eration is exerted by the rapid upregulation of cyclin 
E/ cdk2 kinase activity and degradation of p27 follow-
ing activation of Myc. It was shown that its activation 
is due to a dissociation of p27 from cdk2 complexes 
and subsequent Myc dependent degradation of p27. 
The Myc-induced specific dissociation from cyclin 
E/ cdk2 complexes was shown to require cdk2 depend-
ent p27 phosphorylation of a carboy-terminal threo-
nine at position 187. Further experiments will be done 
to test the assumption of the independence of the two 
Myc-induced processes. 

With Daniele Zink (Group of T. Cremer, University of 
Munich), microinjection experiments were done to 
visualise individual chromosome territories in the 
nuclei of living cells. After incorporation of the injected 
fluorescent thymidine analogue Cy3-AP3-dUTP dur-
ing S-phase into the replicating genomic DNA, cells 
were further cultivated and observed over several cell 
cycles. This approach resulted in nuclei exhibiting indi-
vidual in vivo detectable interphase chromatid territo-
ries. Structure and dynamics of these territories was 
analysed using confocal microscopy in the context of 
present models of interphase chromosome organisa-
tion and nuclear architecture. 

Microinjection was also used as an experimental tech-
nique in a collaboration with Ingrid Hoffmann from 
the German Cancer Research Center, Heidelberg. She 
was interested in the role of cdc25 phosphatases in cell 
cycle progression by activating cyclin dependent 
kinases. Using a cell duplication, microinjection assay 
it was shown that the blocking of cdc25B activity by 
specific antibodies stops cell cycle progression in Hs68 
cells by inhibition of entry into mitosis. The results 
indicate the function of cdc25B as a mitotic regulator, 



acting as a "starter phosphatase" to initiate the positive 
feedback loop at the entry into M phase. With 
Christoph Kaether (group of Hans-Herrmann Gerdes, 
the University of Heidelberg), we studied the response 
of microtubule-dependent transport of secretory vesi-
cles from the TGN to the plasma membrane after 
microinjection of a number of peptides interacting with 
kinesin, a possible motor protein involved in vesicular 
transport. Movement was observed by time lapse fluo-
rescence imaging of hGgB-GFP loaded vesicles in a 
time range of about 30 minutes after release from a 
secretion block at 20cC and microinjection of the pep-
tides. Qualitative and quantitative analysis of the 
experiments is currently in progress. 

Low light level microscopy and micro-
imaging 

A microscope system for very low light level detection, 
down to the single molecule level, is in use. A second 
CCD camera is available on this system. In use is a 
fully automated, highly-sensitive system, using a 
cooled slow scan CCD camera. The hardware, image 
acquisition and all movable parts are controlled by a 
Sun workstation. The advantage of the system is the 
complete automation of image acquisition and analy-
sis, allowing evaluation and statistical analysis of a 
large mumber of samples with high precision and 
without extensive storage of corresponding images. In 
service is also a standard system with a SIT camera, 
allowing fast and accurate automated quantitation of 
weakly-labeled fluorescent specimens, also by ratio 
imaging. The image acquisition and processing system 
for low light level fluorescence microscopy has been 
extensively used by all research Programmes at EMBL. 

Flow cytometry 

Flow cytometry is a process for analysing and separat-
ing cells, organelles or particles as they pass in a stream 
through a measuring apparatus. Our facility uses two 
flow cytometers: a Facscan analyser and a Facs Vantage 
cell sorter and analyser. These machines are controlled 
by a Macintosh-based Facstation which uses Cellquest 
software to perform all the computing tasks required 
for fast accurate results. The systems' networking 
capabilities allow easy connectivity with other 
Macintosh systems. 

The addition of two more lasers to the system this year 
allows for more flexibility in fluorescent staining. A 535 
nm laser was added for the excitation of CY3, and a 640 
nm laser was added for the excitation of CY5. 

As was expected, there was an increase in the demand 
for cell sorting this year as more groups started using 
green fluorescent protein (GFP) in their experiments. 
GFP variants have been developed to improve the use 
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of the green fluorescent protein as a reporter for gene I 
expression and protein localisation. These proteins are 
ideal for fluorescence-activated cell sorting and analy-
sis. The red-shifted and UV-optimised GFP variants 
can also be used together for double and triple labeling 
experiments or for measuring fluorescence resonance 
energy transfer (FRET). A method using magnetic 
beads is also available for pre enrichment of GFP 
expressing cells (mammalian)-preenrichment is rec-
ommended for cells with transfection efficiencies 
below 10% when large quantities of cells are required 
with a high purity, as this reduces sorting time and cell 
loss. 10,224 samples were run on the Facscan, which 
was used on average 5 days a week, with access to the 
machine 24 hours a day. 

A total of 320 samples were run on the cell sorter, of 
which 245 were sorted. Sorting times varied between 1 
and 8 hours per run. The Facs Vantage cell sorter was 
in use 5 days a week within normal working hours. 
High-gradient magnetic cell sorting using specific anti-
body microbeads or anti isotope microbeads was per-
formed about 30 times. 24 people from the above men-
tioned groups used the service regularly. 

The facility is used for a wide range of applications, 
from the isolation of large cells such as frog cells to the 
sorting of vesicles. The main users are the Cell Biology, 
Development and Gene Expression research pro-
grammes. The flow cytometry facility is used regularly 
by the following groups: T. Graf, T. Hyman, G. 
Griffiths, M. Hentze, T. Nilsson, E. Karsenti, K. Simons, 
W. Witke, S. Leibler. 

Thomas Graf's group uses the cell sorter for isolation 
and cloning of cells in order to identify haematopoiet-
ic target cells which are susceptible to transformation 
by the E26 virus using cell surface specific monoclonal 
antibodies. Bulk and single cell sorting is also done for 
the selection of multipotent stem cells from blood 
islands of yolk sac in chicken embryos. In addition the 
Facscan is extensively used by this group for running 
routine analyses on large numbers of samples for 
immunofluorescence. 

Tony Hyman's lab uses the Facscan for DNA analysis 
of mutants of the kinetochore complex in the yeast S. 
cerevisiae. Facs analysis of DNA content enables them 
to analyse the relationships between two proteins that 
are mutated, specially studying if they have the same 
arrested phenotype. 

Gareth Griffith's group studies the fusion of endocytic 
vesicles in macrophages and is particularly interested 
in the role of actin. Facs analysis is done with fluores-
cent monomeric actin to quantitate polymerised actin 
around phagocytosed beads. Both instruments are also 
used for fusion studies on phagosomes by this group. 
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Matthias Hentze's group uses the facility for the isola-
tion of transformed yeast cells which repress the 
expression of the green fluorescent protein (GFP). This 
group is studying RNA/protein interactions, and the 
Facs Vantage is an asset in the identification and isola-
tion of cells which are then subsequently used for the 
cloning of RNA-binding proteins. Both instruments are 
used by this group for GFP analysis, and to study the 
role of oxidative stress in IRP-1 regulation. 

A collaboration between Ernst Stelzer's group in the 
Cell Biophysics programme and Tommy Nilsson's 
group in the Cell Biology programme seeks to visualise 
the Golgi Apparatus and components of the secretory 
pathway in living cells using green fluorescent pro-
teins. The flow cytometry facility is used extensively to 
quickly and conveniently isolate HeLa cell lines stably 
expressing green and blue fluorescent proteins. 
Vesicles expressing GFP are also sorted for this group 
which are later used for fusion studies. 

The cell sorter is used by Eric Karsenti's group to select 
stable Xenopus laevis cell lines expressing different 
GFP-Golgi markers. These cell lines are subsequently 
used to study the organisation of the secretory path-
way and the roles played by molecules such as Xenopus 
Kinesin-like proteins. 

Kai Simon's group uses the facility for the selection of 
stable MDCK and PtK2 cell lines expressing fusion 
proteins of the green fluorescent protein with the 
Vesicular Stomatitis Virus glycoprotein (VSVG) and 
other proteins of interest. 

The flow cytometry laboratory was used by Walter 
Witke's group to isolate mouse embryonic stem cells 
which were transiently expressing a GFP-cre recombi-
nase fusion protein. After establishing clonal cell lines 
and analysing genomic DNA, lines with the correct 
site-specific genomic rearrangement were chosen and 
will be used to create a stable mouse strain. 

S. Leibler's group has started to use the cell sorter to 
isolate yeast cells expressing a GFP chromosomal 
marker. 

Publications during the year 

Benes, V., Kilger, C, Voss, H., Paabo, S. & Ansorge, W. 
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Patent applications during the year 

Simultaneous multiple loading of samples. A method 
for automated loading of samples onto separation 
media. 
EMBL German patent application. 

Vorrichtung zur Durchfiihrung chemischer Reaktions-
folgen. 
EMBL German patent application. 

Courses and conferences organized during 
the year 

An EMBO course on "Micro injection, Electroporation 
and Particles Transfection of Cells" was organized at 
EMBL in June. 

New protocols and the DNA sequencing facility were 
presented in the EMBO course on "DNA Sequencing: 
Advanced Approaches and Automated Methods", 
which the Programme organized in November at the 
EMBL. 

A practical FEBS/EMBL course on Advanced 
Techniques in DNA sequencing and Microinjection 
was organized in September at Purkyne Institute, 
Charles University, Prague. 

A course on Techniques in Molecular Biology was 
organized by the Programme for the pre-doctoral stu-
dents at EMBL in October. 

Biochemical Instrumentation Programme 

Demonstrations and short introductory teaching I 
courses on DNA sequencing and micro injection for 
interested in-house or external scientists. 

Fourth international conference on Automation in 
Mapping and DNA Sequencing AMS '97, with more 
than 300 participants from academic institutions and 
industry, was organised at EMBL in march 1997. 
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Nucleic acid chemistry 

Group Leader: R. Eritja 

Staff Scientist: R. Giiimil Garda 

Pre doctoral fellows: M. C. Fabrega*, E. Ferrer 

Visitors: S. Wagner*, K. Worner*, K. Beijer*, D. Gottschling*, C. Wodarski*, C. von der Heyden* 

Assistants: V. Adam, A. Crone*, M. Wiersma 

The main interest of the Nucleic Acid Chemistry 
Laboratory is the development of methodology for the 
preparation of compounds related to nucleic acids and 
the study of their properties. The group is also in 
charge of the in-house oligonucleotide synthesis serv-
ice. 

Base analogues in DNA 

Oligodeoxynucleotides carrying different base ana-
logues have been prepared. The main projects under-
taken during the year were: 

1) The synthesis and analysis of the properties of 
oligonucleotides containing 8-substituted purines. It 

has been shown that oligonucleotides can bind on 
homopurine-homopyrimidine sequences by forming 
triple helices. The formation of nucleic acid triple 
helices offers the possibility of designing sequence 
specific DNA binding molecules which may have ther-
apeutic uses. Based on molecular dynamic simulations, 
several 8-substituted purines have been designed in 
order to stabilize triple helices. These compounds are 
being introduced in synthetic oligonucleotides and 
their triple helix stabilization properties are being stud-
ied. Substitution of adenine by 8-aminoadenine results 
in a high stabilization of the triple helix, which may be 
explained by an extra hydrogen bond as predicted by 
molecular dynamic simulations. Other 8-substituted 
purines are being evaluated. 

Target C-13 labeled nucleoside Nucleoside precursor 
F 

Figure 1 
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Preparation of oligonucleotides 
carrying 13C labels. Nucleoside 
derivatives used for the synthe-
sis of oligonucleotides carrying 
N6_[13C-methyl]adenine and 
NL[13C-methyllguanine. 



2) Oligonucleotides containing 2-substituted guanines. 
Oligonucleotides carrying several N2-substituted gua-
nines have been prepared for antisense experiments. 
These oligonucleotides are complementary to the Ha-
ras oncogene and they are potential anti cancer drugs. 
Small oligonucleotides carrying one modified guanine 
residue such as spermine, spemidine or aminopropy-
limidazole have a significant increase in their binding 
properties to their complementary sequences. Whether 
the better binding prCIperties will result in higher 
anti proliferative properties or not is being studied by 
Dr. T. Saison-Behmoaras at the Museum National 
d'Histoire Naturelle in Paris. 

3) Oligonucleotides carrying peptide sequences linked 
on the nucleobases. Covalent bonds between amino 
acids, peptides or proteins occur naturally in the 
genome of certain RNA and DNA viruses. In these 
molecules, the protein-nucleic acid linkage occurs 
through a 5' -phosphodiester bond to serine, threonine 
or tyrosine. We are interested in introducing peptide 
sequences in oligonucleotides as a new labeling system 
for oligonucleotides. Due to the diversity of existing 
monoclonal and polyclonal antibodies against peptide 
epitopes, different peptides may be used for coding 
different oligonucleotide sequences. For the prepara-
tion of these oligonucleotide-peptide conjugates, we 
have developed a special methodology that allows the 
introduction of synthetic peptides at position N-4 of 
cytosine residues. The resulting oligonucleotide-pep-
tide conjugates are capable to hybridize with their 
complementary sequences and they are specifically 
detected by monoclonal antibodies. 

4) Peptide Nucleic Acids (PNA). Peptide Nucleic Acids 
(PNA) are a new class of oligonucleotide analogues 
developed by Nielsen and coworkers. The backbone of 
PNA is a polymer of 2-aminoethyl-glycine units. This 
uncharged and non-quiral DNA mimic exhibits an 
enhanced affinity for its complementary nucleic acid 
target. We are interested in producing PNA-DNA 
chimerae that may be used for antisense studies. An 
improved methodology has been developed for the 
preparation of PNA monomers carrying the 
monomethoxytrityl (MMT) group for the protection of 
the amino function. Several PNA-DNA hybrids have 
been produced and their binding properties are being 
evaluated. 

Figure 2 
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RNA and RNA analogues synthesis 

1) Branched RNA. Small branched oligoribonu-
cleotides have been prepared using a special solid-
phase methodology in collaboration with Dr. B. Sproat. 
These branched RNA molecules are being used by the 
group of Valcarcel (Gene Expression) to characterize 
proteins involved in binding to lariat structures pro-
duced during RNA splicing. 

2) Oligo (2'-0-alkylribonucleotides). Also in collabora-
tion with Brian Sproat, we have prepared new 2'-0-
alkyl-RNA derivatives such as 2'-0-propargylribonu-
cleotides. These modified RNA molecules exhibit base-
pairing properties similar to RNA but they are much 
more stable. The 2' -O-propargyl oligoribonucleotides 
showed an increase in the Tm of duplexes with com-
plementary RNA relative to the corresponding RNA 
homoduplex. These analogues may be useful for a 
variety of antisense applications. 

13C NMR spectra of a dodecamer carrying one N2-[13C-methyIJguanine 
residue. Below: NMR spectrum of single stranded oligonucleotide. Above: 
NMR spectrum of the same oligonucleotide paired with its complementary 
strand. The peak at 29.5 ppm is the methyl carbon of acetate used as a reference. 
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Oligonucleotide synthesis service 

There was a large increase in demand for oligonu-
cleotide synthesis in 1997. This year more than 6000 
oligonucleotides were produced in the service. This is 
a 20% increase compared with previous years [4800 
(1996); 4900 (1995)]. In addition, the service has 
requested 350 oligonucleotides to an outside company 
following the instructions of several groups at EMBL. 
Most of the oligonucleotides have been used as 
primers for PCR experiments, sequencing and cloning, 
although the number of oligonucleotides higher than 
50 bases has also increased. The longest oligonu-
cleotide produced in the service was 156 bases. 

Additionally, several modified oligonucleotides were 
produced. Around 900 were prepared with mixed 
bases to be used as mixed probes or for random muta-
genesis. The most popular non-natural base analogue 
in the service was 2' -deoxyinosine (nearly 120 oligonu-
cleotides) followed by 5-halo-2' -deoxypyrimidines (35 
oligonucleotides). Non-radioactive labels such as 
biotin were introduced in 32 oligonucleotides and flu-
oresceine in 28 oligonucleotides. We have started to 
produce oligonucleotides carrying Cy5 as a fluoresecnt 
marker for automated DNA sequencing. Other spe-
cialised functions were phosphate groups at the 5' -end 
(nearly 200 oligonucleotides), and both amino and 
thiol groups at the 3' and 5' ends (12 oligonucleotides). 
Moreover, 30 oligonucleotides carrying modified phos-
phates (phosphorothioate linkages) were produced. 
Finally, the number of RNA polymers produced during 
1997 was 62, including unmodified and modified with 
2' -a-methyl and 2' -a-allyl functions. 

The Oligonucleotide Service facilities were used by 
several visitors in projects related to RNA synthesis 
and DNA labelling. 

Publications during the year 

Efratis, E., Tocco, G., Eritja, R, Wilson, S.H.& 
Goodman, M.E (1997). Abasic translesion synthesis by 
DNA polymerase p violates the "A-rule": Nucleotide 
incorporation by human DNA polymerase p and 0: at 
an abasic lesion in different sequence contexts. J. BioI. 
Chern., 272, 2559-2569 

Wagner, S., Eisenhut, M., Eritja, R & Oberdorfer, E 
(1997). Synthesis of copper-64 and technetium-99M 
labeled oligonucleotides with macro cyclic ligands. 
Nucleosides & Nucleotides, 16, 1789-1792 

Eritja, R, Marquez, VE. & Guimil Garcia, R (1997). 
Synthesis and properties of oligonucleotides contain-
ing 5-aza-2'-deoxycytidine. Nucleosides & Nucleo-
tides, 16, 1111-1114. 
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Grotli, M., Douglas, M., Beijer, B., Eritja, R & Sproat, B. 
(1997). A simple method for the synthesis of 2'-0-alkyl-
guanosine derivatives. Bioorg. & Med. Chern. Lett., 7, 
425-428 

Moscoso, M., Eritja,R. & Espinosa, M. (1997). Initiation 
of replication of plasmid pMV158: Mechanisms of 
DNA strand transfer reactions mediated by the initia-
tor RepB protein. J. Mol. BioI., 268, 840-856 

Eritja, R, Adam, V, Avin6, A, Diaz, AR , F.3brega, c., 
Ferrer, E., Grotli, M., Guimil Garcia, R, Hofmann, M., 
Marquez, VE. & Wiersma, M. (1997). Preparation of 
oligonucleotides containing non-natural base analogs. 
Nucleosides & Nucleotides, 16,697-702 

Ferrer, E., Neubauer, G., Mann, M. & Eritja, R (1997). 
Synthesis and biophysical properties of oligonu-
cleotides containing 5-amino-2'-deoxyuracil and 5-N-
acetamido-2'-deoxyuracil. J. c. S. Perkin Trans. I, 2051-
2058 

Grotli, M., Douglas, M., Beijer, B., Guimil Garcia, R, 
Eritja, R & Sproat, B. (1997). The protection of the gua-
nine residue during the synthesis of 2'-0-alkylguano-
sine derivatives. J. c. S. Perkin Trans. I, 2779-2788 

Hofmann, M., Acedo, M., Fagan, P., Wemmer, D., Eritja, 
R & Diaz, AR (1997). Synthesis of oligodeoxynu-
cleo tides containing N6-[13C-methyl]adenine and N2-
[13C-methyl]guanine. J. c. S. Perkin Trans.!, 1825-1828 

Diaz, AR., Eritja, R & Guimil Garcia, R (1997). 
Synthesis of oligodeoxynucleotides containing 2-sub-
stituted guanine derivatives using 2-fluoro-2'-deoxyi-
no sine as common nucleoside precursor. Nucleosides 
& Nucleotides, 16, 2035-2051 

Thielking, V, Du Bois, S., Eritja, R, Guschlbauer, W. 
(1997). Dam methyltransferase from Escherichia coli: 
kinetic studies using modified DNA oligomers: 
Nonmethylated substrates. BioI. Chern., 378, 407-415 

Ferrer, E., Wiersma, M., Kazimierczak, B., Muller, C.W. 
& Eritja, R (1997). On the preparation and properties of 
oligodeoxynucleotides containing 5-iodo-uracil, 5-
bromo- and 5-iodo-cytosine. Bioconjugate Chern., 8, 
757-761 

Grotli, M., Eritja, R & Sproat, B. (1997). Solid-phase 
synthesis of branched RNA and branched DNA/RNA 
chimeras. Tetrahedron, 53, 11317-11346 
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Micro-characterization of proteins and peptides by biological I 
mass spectrometry 

Group Leader: M. Mann 

Scientists: K. Ashman, A Shevchenko 

Postdoctoral fellows: O.N. Jensen*, A King, B. Kuester, AY. Podtelezhnikov, P. Schrotz-King*, M. Wilm 

Predoctoral fellows: G. Neubauer, J. Rappsilber 

Visitors: A Bachi*, A Wenzel* 

Engineers: T. Houthaeve*, P. Mortensen*, P. Saravanan 

Assistants: M. Dubrovskaya, R. Jacob, A Shevchenko 

Since 1992, the main focus of the Protein & Peptide 
Group has been the micro characterization of proteins 
using mass spectrometry. Our laboratory has made key 
discoveries in this area and developed robust and sen-
sitive techniques for applying them to problems in 
molecular biology. Last year we developed a method 
for the 'de novo' sequencing of small amounts of gel 
separated proteins. We now have a complete system 
for the identification of any gel isolated gene product, 
whether in databases or not. This brings our program 
of development in biological mass spectrometry to a 
logical conclusion. 

In 1997 the main focus was on showing the usefulness 
of our methods in a wide range of previously 
intractable problems in molecular biology. We also 
developed a generic strategy to determine gene func-
tion via the mass spectrometric analysis of multi-pro-
tein complexes. 

Research in biological mass spectrometry 

'Proteomics', which is defined as the large scale study 
of the expressed proteins (as opposed to DNA in 
'genomics'), has recently emerged as a hot field in 
functional genomics. We previously showed that mass 
spectrometry is the method of choice for protein iden-
tification in proteomics (Shevchenko et al., 1996) and 
indeed the advances in mass spectrometry and the 
availability of large scale sequence databases are a pre-
condition for this field. In 1997 we continued to make 
contributions to large-scale identifications of proteins. 
One method of protein identification consists of the 

determination of the masses of a set of proteolytic (usu-
ally tryptic) peptides of a protein followed by database 
matching of this 'fingerprint'. The bottleneck for high 
throughput use of this method-the requirement of a 
skilled operator to obtain high-quality spectra-can be 
removed by using 'fuzzy logic' control theory (Jensen 
et al., 1997). Using this approach and other software 
tools, we have demonstrated completely unattended 
acquisition, interpretation and database identification 
of digested proteins. 

'De novo' sequencing of proteins 

Proteins from organisms with completely sequenced 
genomes can readily be identified in sequence databas-
es using MALDI or nanoelectrospray mass spectrome-
try. Furthermore, through the large and publicly avail-
able Expressed Sequence Tag (EST) databases, proteins 
of humans and mice and even most other mammals 
can be readily correlated to a partial DNA sequence. 
Mass spectrometry faces much larger difficulties in the 
determination of protein sequence if not even a gene 
fragment is in the database. Working with Tom Cech 
(Colorado) and many other collaborators we could 
show that 'clonable' sequence can be obtained in these 
cases as well (Lingner et al., 1997). However, these 
experiments require considerable expertise and the 
techniques have not spread to other laboratories. 
Recently, we have collaborated with Perkin-Elmer 
Sciex (Toronto) on their prototype instrument of the 
'quadrupole time of flight' geometry. This instrument 
allows the same experiments as the 'triple quadruple' 
instrument used in all our previous nanoelectrospray 
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experiments except that the 'read out' of the fragment 
ions is done by a non scanning time of flight module 
allowing much higher resolution and mass accuracy. 
This instrument has been coupled to the nanoelectro-
spray ion source and to isotopic labeling of the C-ter-
mini of all tryptic ions (Shevchenko et al., 1997). In this 
technique, the protein is trypsinized in the presence of 
a 1:1 mixture of 180 :160 water, catalyzing the incorpo-
ration of either labeled or unlabeled water at the 
caboxy termini. This to a characteristic isotope 
pattern identifying the C-terminal fragments of a pep-
tide. The pattern, together with the high data quality 
obtainable with the QqTOF, allows at least a partially 
automated sequencing of peptides. 

Programmable micro-fraction collector 

A new programmable micro-fraction collector with 
dual blotting and collection functions based on a 
Gilson 221XL robot was constructed (Ashmann et. aI.). 
The instrument was designed with maximum flexibili-
ty in mind. It can be used to collect fractions from low 
microliter to milliliter volumes into 96 well microtitre 
plates or individual tubes. The controlling software 
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features peak recognition and permits the collection of 
column effluent in 2 independent collection zones. 
Typically, zone 1 is used to collect the bulk of the frac-
tions in liquid form, while zone 2 is a planar surface 
such as a PVDF type membrane or MALDI mass spec-
trometry target to which an aliquot of each fraction is 
automatically transferred for analysis. Fractions can be 
collected by time or by using the onboard peak recog-
nition software. When using the latter the aliquots 
transferred to zone 2 are taken from the peak maxi-
mum. The utility of the system has been demonstrated 
with data obtained from protein and peptide HPLC 
separations. In the case of protein separation a dot blot 
on PVDF was prepared automatically and the fractions 
were screened with an antibody to locate the fractions 
containing the protein of interest. Flourescently labeled 
peptide fractions were also detected on PVDF mem-
branes simply by exposure of the membrane to VV 
light. 

Determination of gene function via the mass 
spectrometric analysis of multiprotein 
complexes 

We have developed a general strategy for determining 
by mass spectrometry the function-or at least the cel-
lular role-of open reading frames obtained in genom-
ic sequencing (Lamond & Mann). Since most proteins 
act in close spatial proximity to fulfill a cellular func-
tion, they can usually be isolated as a complex. The 
members of these complexes can efficiently be identi-
fied by mass spectrometry, using the methods devel-
oped in our group over the last few years. A first 
example of this strategy was the determination of the 
yeast VI snRNP complex, which we found to contain 
20 gene products (Neubauer et al., 1997) All the novel 
members of the complex have since been found to be 
'bona fide' members of the VI complex. This relatively 
straightforward investigation showed both the poten-
tial of the method and its competitiveness with genetic 
methods (two hybrid system) which in this case failed 
to provide the new members of the complex. 

Figure 1 

Amino acid sequencing using 180 labeling and the QqTOF. 
The figure shows the fragmentation spectrum of a peptide 
(see recent research reports). Resolution and mass accuracy 
on the QqTOF instrument are routinely in the range of 
10,000 and low ppm, respectively. The characteristic isotope 
pattern marking fragments containing the C-terminus is also 
shown. The sequence can be determined by a computer algo-
rithm which considers precise mass differences between C-
terminal ions. 



Figure 2 

Analysis of multiprotein complexes by mass spec-
trometry. A protein complex is purified using a 
'hook' such as an antibody against one known 
component. Small amounts of immunoprecipitat-
ed interaction partners are then sufficient to deter-
mine the members of the complex by mass spec-
trometry. 

Biochemical Instrumentation Programme 

C) 
Affinity 
protein complex . _. 

" Separation of subunits by 
SOSPAGE 

In-gel digestion 

MALOI peptide mass mapping 

Verification I r I 

We have since applied the method to more than ten 
multiprotein complexes-in each case with high bio-
logical 'yield'. It seems that the combination of bio-
chemical information and the sequence analysis of 
each of the found genes provides a very strong lead to 
biological function. Recently, in collaboration with the 
group of Angus Lamond (Dundee), we finished the 
complete analysis of the human spliceosome (as 
defined by the purification protocol of Robin Reed, 
Harvard). Interestingly, the sequence information 
obtained from the spots, in conjunction with searching 
algorithms developed by our group, allowed us to 
determine the unknown factors in EST databases, 
rather than having to clone them from amino acid 
sequence information (Neubauer et al., 1998). 

A potential weakness of the approach-the need for 
time consuming and tedious protein purification-has 
recently been addressed. At least in yeast, genes can 
easily be 'tagged' with a sequence designed for specif-
ic purification, potentially yielding the protein of inter-
est and its association partners in a single step purifi-
cation (collaboration with Ed Hurt, Heidelberg, 
Bertrand Seraphin, EMBL, Kim Nasmyth, Vienna and 

Sequencing by nanoelectrospray 
tandem mass spectrometry 
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John Kilmartin, MRC Cambridge). We are very hopeful 
of the long-term potential of this method to comple-
ment 'in silico' analysis of the .open reading frames 
uncovered in large scale sequencing. 

Publications during the year 

Ashman, K., Houthaeve, T., Clayton, J., Wilm, M., 
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protein sequencing by tandem mass spectrometry and 
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human fmr1 gene. J Bio. Chem., 272, 16761-16768 
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CELL BIOLOGY PROGRAMME 

The main challenge in contemporary cell biology is to understand the basic mechanisms that generate and maintain 
cellular organization. This is the challenge that the Cell Biology Programme is trying to meet, both thematically and 
methodologically. We are trying to develop a wide enough range of experimental themes within the Programme 
itself and to integrate these into a functional whole. The areas on which we are presently concentrating are mem-
brane trafficking, microtubular and actin filament networks, the cell cycle and the cell nucleus. Taken together, these 
themes provide a comprehensive view of cell organization in time and space. 

Studies of cellular organization at the molecular level necessitated a departure from the traditional ways that cell 
biologists had been using to study cells. Assays had to be developed in which complicated processes could be stud-
ied in the test tube or in permeabilized cells. Several such assays have been developed by different groups in the 
Programme during recent years. Now the main emphasis is to identify the components of the machinery responsi-
ble for membrane trafficking, chromosome segregation and spindle behaviour, cytoskeletal function, and cell cycle 
regulation. These processes are being studied in different experimental systems with a combination of biochemical, 
genetic and morphological methods. It is an exciting time in cell biological research. Processes that seemed unac-
cessible only ten years ago are yielding to experimental attack. Several examples will be found in the research 
reports that follow. 

Although our tools for studying the basic mechanisms for generating and maintaining cellular organization have 
been continuously improved during the last decade, it is obvious that these tools have to be improved still further. 
This is another important task of the Cell Biology Programme. One example is our collaboration with the confocal 
light microscopy group in the Cell Biophysics Programme, aimed at developing microscopic assays for cellular func-
tions in both living cells and reconstituted systems. We are trying to mirror the dynamic interactions between 
organelles in their cellular context with both destructive and non-destructive intervention. Such assays are already 
being used to study actin dynamics, membrane traffic and spindle assembly function. The characterization of the 
machinery responsible for cellular organization will demand novel methodologies in which context will be more 
important than in the assays previously used in biochemistry and molecular biology. EMBL is the ideal environment 
for such an integrative effort. 
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Molecular mechanisms of neuronal plasma membrane 
asymmetry 

Group Leader: CG. Dotti 

Postdoctoral fellows: C Bagni*, M. Kiebler, MD. Ledesma 

Pre doctoral fellows: F. Bradke, E. Piddini* 

Visitors: T. Babia*, G. Egea*, A. Fradagrada*, I. Hemraj*, P.H. Jensen*, KM. Marion*, K. Miller*, E. Rubino*, 
N. Santama*, M. Zimmer* 

Assistant: B. Hellias 

Our ultimate goal is to understand the mechanisms 
that control the formation and maintenance of a mole-
cularly and functionally different axonal and dendritic 
neuronal plasma membrane. We are currently analyz-
ing how axonal and dendritic membrane proteins are 
processed and sorted, what mechanisms underlie their 
packaging into different membrane carriers, how these 
carriers are transported to their final destinations, and 
how is developmentally regulated. In 
addition, we are investigating whether local protein 
synthesis in dendrites plays a role in the generation 
and/or maintenance of membrane asymmetry. 

Axon formation 
(F. Bradke) 

In early experiments (Dotti, C, Sullivan, C, & Banker, 
G.J. (1998). Neuroscience 8,1454-1468), we showed that 
few hours after plating embryonic hippocampal neu-
rons appear as round cells without any processes 
(stage 1). Later, several short processes arise, all with 
similar morphological characteristics (stage 2). After a 
variable interval, one of these short processes elongates 
and the cell presents a polarized aspect with one major 
and several minor processes (stage 3). The longer 
process will constitute the axon, whereas the minor 
processes will become dendrites. We have recently 
observed that before polarization (stage 2) there is a 
polarized increase in overall membrane trafficking 
towards the process that will ultimately become the 
axon and that the growth cone of the chosen process 
changes its attachment properties. These results imply 
that local changes in cytoskeleton dynamics at only 
one of the numerous growth cones are responsible for 
the induction of membrane re-routing and thus polar-
ization. In the future we will study the molecular 
mechanisms upstream of cytoskeleton changes at this 
"special" growth cone. 
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Sorting of membrane proteins during axon 
formation 
(MD. Ledesma) 

To study the biochemical mechanisms accompanying 
membrane sorting to the axon and dendrites, synapti-
cally active mature hippocampal cells are infected with 
RNA viruses and the distribution (axonal or dendritic) 
and processing (cleavage, appearance in the plasma 
membrane, partitioning into protein-lipid rafts) of the 
viral glycoproteins is analyzed by light microscopy 
and biochemistry. Infection of fully mature neurons 
with Fowl Plague Virus (FPV) results in the axonal 
delivery of hemagglutinin and its appearance in deter-
gent resistant glycolipid-rich complexes (DIGs), both 
during passage through the secretory pathway and in 
the plasma membrane. Infection with SFV leads to the 
delivery of the E2 glycoprotein to the dendritic surface 
and its appearance in the detergent soluble fraction. 
Thus, as in apical sorting in epithelial cells, the forma-
tion of DIGs appears to be involved in axonal sorting. 
We are interested in determining whether lipid-protein 
interaction is a physiologically utilized mechanism for 
axonal sorting, if it is utilized by all or some of the 
axonally targeted proteins, and whether or not DIG 
formation is involved in making a functionally opera-
tive axon during early development. 

Local synthesis of proteins as a way of 
generating/maintaining dendritic plasma 
membrane specializations 
(M. Kiebler, C Bagni) 

RNA is transported into dendrites but not axons. 
Moreover, several mRNAs of dendrite-specific pro-
teins have been identified in dendrites. These results 
show that dendrites may have the ability to synthesize 
proteins. As a first attempt to characterize the mecha-



Figure 1 

Some mRNAs are specifically transported to the dendrites 
of central nervous system neurons, where they accumulate 
near synaptic sites. Hippocampal neurons in culture are a 
good experimental system to determine which messagers 
are locally translated into protein and the relationship 
between synaptic transmission and local protein synthesis. 
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nisms underlying mRNA transport we have recently 
demonstrated that the mammalian homologue of the 
Drosophila protein Staufen is also expressed in cultured 
hippocampal neurons. In the future, this finding 
should allow us to determine what types of mRNAs 
are transported to dendrites and how messenger trans-
port and protein translation are affected by synaptic 
activity. 

Expression of new proteins during neuronal 
development 
(E. Piddini) 

At early developmental stages, neurons extend axons 
and dendrites. However, electrical communication 
does not yet occur at these stages, indicating that the 
mechanisms for the correct sorting of plasma mem-
brane constituents have not yet matured. Electrical 
communication, and therefore proper membrane 
maturity, takes place at late developmental stages. 
Understanding the molecular basis of neuronal mem-

Cell Biology Programme 

brane polarization is a central question in cellular neu-
robiology. To test whether specific motor proteins are 
involved in the differential transport of axonal and 
dendritic membranous proteins, we recently estab-
lished an RT-PCR-based approach to identify kinesin- I 
like cDNAs which are differentially expressed at the 
different stages of development of cultured hippocam-
pal neurons. With this approach, we obtained full 
sequences for several novel motor proteins. The aim 
now is to characterize the cell biology of these novel 
motor proteins and determine their role in the traffick-
ing of membrane proteins and organelles. 
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Microtubule organisation during development 

Group Leader: C. Gonzalez 

Postdoctoral fellows: L. Bejarano, B. Lange 

Pre doctoral fellows: C. Mollinari, G. Tavosanis, 

Visitors: P. Sampaio 

Assistant: S. Llamazares 

Our aim is to characterise the elements that constitute 
and control the function of the microtubule organising 
centres (MTOCs) in Drosophila. In living cells, micro-
tubules are organised by MTOCs. The main MTOC in 
proliferating cells is the centrosome, the subcellular 
organelle responsible for the organisation of the inter-
phase microtubular network and the mitotic spindle. 
Like the microtubular arrays that they organise, the 
MTOCs of a developing organism show a considerable 
degree of morphological and functional variability. 
This is true of the centrosomes found during early 
embryogenesis, the centrosomes of cell lineages which 
divide asymmetrically, and those found in the meio-
cytes of both sexes, to mention only a few examples of 
highly divergent MTOCs. Moreover, MTOCs are not 
restricted to proliferating cells. Terminally differentiat-
ed cells also have complex microtubular networks 
organised by MTOCs which are very different from the 
centrosomes of dividing cells (Glover et al., 1993; 
Mollinari et al., submitted). 

This variability of MTOCs is the main reason for choos-
ing a multicellular organism as the model system for 
our work. We expect that, on the one hand, these 
MTOCs will share those essential components which 
provide the basic microtubule nucleating and docking 
functions which are common to all. On the other hand, 
each of these MTOCs will surely contain specific gene 
products which provide the functions which make 
them unique. Characterising the first group will pro-
vide new insights into the essentials of microtubule 
organisation. The characterisation of the second group 
will allow us to unravel the relationship between this 
essential subcellular organelle and the mechanisms of 
development. Our work is largely based on Drosophila 
melanogaster because the species provides a good 
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eukaryotic model for cell biology studies, is an excel-
lent system for genetic analysis, and is amenable to 
molecular biology and cytological techniques (Ripoll et 
al., 1987; Gonzalez and Glover, 1993). 

MoJecular and genetic analysis of the 
Drosophila y-tubulin isoforms 

y-Tubulin is a highly conserved member of the tubulin 
superfamily that is mainly found in MTOCs, where it 
plays a major role in microtubule polymerisation. 
There are two y-tubulin genes in Drosophila which 
encode very similar polypeptides. We have shown that 
the yTUB23C polypeptide is essentially ubiquitous and 
its function is required for cell division in imaginal tis-
sues. As a consequence, viability is severely impaired 
in mutant individuals. Mutant cells display highly con-
densed chromosomes and a reduced number of micro-
tubules. The distribution of the pericentriolar centro so-
mal marker CP190 is also severely disrupted in these 
cells (Sunkel et al., 1975). Last year we showed that the 
yTUB23C isoform is also required to organise the male 
meiotic spindle and other microtubular arrays during 
spermatogenesis (Sampaio et al., submitted). 

We have also cloned and mutagenised the second y-
tubulin isoform, yrUB37C (Tavosanis et al., 1997). We 
started by generating transgenic flies carrying a copy 
of the wild-type region of this gene. This transgene was 
then used to identify putative yTUB37C mutant alleles 
among different collections of mutations which 
mapped to the 37C region. The only phenotypic trait 
associated to mutation in this gene is female sterility. 
Unlike the yTUB23C isoform, the loss of function of the 
yTUB37C gene has no effect on viability or male fertili-
ty. We have raised polyclonal anti-peptide antibodies 



as well and monoclonal antibodies which specifically 
recognise this isoform. The expression of yTUB37C, as 
judged by Western blot, is restricted to ovaries and 
early embryos. By immunofluorescence, we find it dis-
tinctively associated with centro somes during embryo-
genesis. Early stages of oogenesis are unaffected by 
mutations in this gene, but the female meiotic spindle 
is extremely disrupted. Nuclear proliferation within 
the eggs laid by mutant females is also impaired; they 
never reach cellularisatioo. and display a variable num-
ber of scattered chromatin masses associated to aster-
less, bipolar microtubular arrays. 

We have also studied the phenotype of flies which are 
mutant for both y-tubulin isoforms. The main conclu-
sion from this work is that, on top of the alterations 
brought about by mutation in each of these genes, dou-
ble mutant flies display new phenotypes ranging from 
the early arrest of cell proliferation of the female 
germline to several alterations during oogenesis 
(Tavosanis and Gonzalez, submitted). 

Finally, we have addressed the problem of the func-
tional divergence between the two y-tubulin isoforms. 
To this aim we have produced transgenic flies carrying 
constructs in which the coding and regulatory regions 
of these two genes have been swapped so that each of 
the y-tubulin genes is ectopically expressed to mimic 
the pattern of the other. By testing the ability of these 
constructs to rescue mutants in each y-tubulin isoform 
we have found that despite their differentially regulat-
ed expression, both isoforms share a high degree of 
functional compatibility (Llamazares et al., submitted). 

In conclusion, we have shown that (I) yTUB23C is 
almost ubiquitous and is required for microtubule 
organisation in many somatic cells and in the male 
germ line; (II) the expression of yTUB37C is restricted 
to the female germ line and is only essential to the 
organisation of the female meiotic spindle and the 
mitotic spindle of early embryos; (III) both, yTUB23C 
and yTUB37C, are required for the proliferation of the 
female germline where they can substitute for each 
other; and (IV) despite their different patterns of 
expression, both isoforms are, to a great extent, func-
tionally compatible. 

Identification of new components of the 
Drosophila centrosome 

Only a few components of this highly complex 
organelle have been identified, hence the need to 
search for new gene products required for centrosome 
function. To this aim, we are following several 
approaches. 

The first approach consists of the identification of new 
mutants in which centrosome function is disrupted. 

Cell Biology Programme 

The second approach is based on the assumption that 
many centro somal components will be highly con-
served. Indeed, some centro somal proteins have 
homologues in other organisms with which they share 
a notable level of sequence identity. This is the case of I 
centrin and pericentrin, for instance, two centrosomal 
components which have been shown to have homo-
logues in very distant organisms. We have been carry-
ing out different molecular screenings based on both 
DNA hybridisation and antibody cross-reaction to 
identify the Drosophila homologues of these and other 
centro somal components. Last year we identified the 
Drosophila homologues of centractin and centrin. We 
have now started a genetic screen in order to find 
mutations in these genes with which to asses the role of 
these conserved proteins in the different MTOCs pres-
ent during development in Drosophila. 

Finally, we have started to approach the identification 
of new centro somal components by carrying out a 
large-scale biochemical characterisation of this 
organelle. To this aim we have developed a protocol for 
the isolation of highly pure centrosomes from 
Drosophila embryos (Lange and Gonzalez, unpub-
lished). These are being used to raise a battery of mon-
oclonal antibodies and will soon be analysed by pro-
tein micro-sequencing. 

Real-time observation of centro somal 
behaviour 

GFP technology has made it possible to observe sub-
cellular organelles in living cells. We are taking advan-
tage of these techniques to study the behavior of 
MTOCs during development. We have produced a 
series of GFP-tagged derivatives of both full-length 
and deleted versions of several centrosomal and other 
cytoskeletal Drosophila proteins. These have been 
expressed in transgenic flies and in tissue culture cells 
to study their subcellular localisation and their effects 
upon centrosome structure and microtubule organisa-
tion. The GFP-tagged derivatives which show centro-
somal localisation will be used to generate stable lines 
carrying green fluorescent centrosomes. These will 
allow us to follow the behaviour of this organelle dur-
ing cell division and differentiation, by real-time video 
microscopy applying recently developed imaging tech-
niques (Feiguin et al., 1997). 

Asymmetric cell division in vivo and in vitro 

One of the best examples of the involvement of the cen-
trosome in the establishment of cell fate and cell differ-
entiation is provided by the neuronal lineages found in 
the ventral ganglion of Drosophila larvae. There, rela-
tively large cells called giant neuroblasts (GN) divide 
asymmetrically to generate a small ganglion mother 
cell (GMC) and another GN. GMCs divide once, sym-
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metrically, to produce two ganglion cells (GC) which 
will differentiate into neurons. The centrosome plays 
an essential role in at least two stages of this process; 
first in the organisation of the asymmetric mitotic spin-
dle which drives cell division in the GN (Mollinari and 
Gonzalez, unpublished), and later in the differentiation 
of GCs into neurons. We find this a very interesting 
model system to study the role of MTOCs during cell 
differentiation. 

Last year, we defined the conditions to reproduce the 
process of neurogenesis in vitro, as it occurs in living 
Drosophila larvae, from GN to differentiating neurons 
(Feiguin et al., 1997). In vitro culture affords optimal 
resolution conditions which have allowed us to 
observe some features of this process which had not 
yet been described. In particular, we have established 
that the position of the cleavage furrow in the GN is 
constant, so that each GMC produced by a given GN is 
delivered exactly at, or very near to, the place of deliv-
ery of the previous GMC. The next step in this project 
will consist in the introduction of mutant cells and GFP 
tagged centrosomal components into this system. 
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Cell biology of complex membrane organelles 

Group Leader: G. Griffiths 

Predoctoral fellows: E. Bos, H. Defacque, M. Egeberg, A. Jahraus, J. Krijnse-Locker, M. Mallardo 

Visitors: N. Helppi*, S. Kusnetzov*, K. Pederson*, R. Roos* 

Assistants: A. Haberman, S. Schleich 

We are focusing on membrane and cytoskeleton 
processes involving two model organelle systems, vac-
cinia virus and latex bead phagosomes. Both of these 
complex organelles, which are assembled de novo by 
the cell, have about 250 proteins by 2D gel elec-
trophoresis and, in contrast to most membrane 
organelles of cells both can be easily purified, essen-
tially free of contaminants. 

Assembly and disassembly of Vaccinia 
virus-a role for cytoplasmic disulfide bonds 

Vaccinia is the best-characterized member of the pox 
viruses. These DNA viruses are unique in that they are 
able to replicate their DNA in the cytoplasm of infect-
ed cells. They are also unusual because they possess 
two distinct infectious forms: the intracellular mature 
virus (IMV) and the extracellular enveloped virus 
(EEV). We have previously shown that the IMV is 
enveloped by a membrane cisterna originating from 
the intermediate compartment between the endoplas-
mic reticulum and the Golgi complex (Sodeik et al., 
1993) and have characterized a number of integral and 
peripheral membrane proteins that are localized to the 
outer and inner membrane of the virus. 

We had recently found that reducing agents such as 
dithiothreitol disrupt the IMY structure, and structural 
and biochemical data led to the notion that the IMV 
cisteria does not fuse with itself around the virus but is 
somehow glued upon itself by protein (Roos et al., 
1996). 

We have now investigated the role of disulfide bonds 
in vaccinia assembly in more detail. Cellular disulfide 
bonds are not normally assembled in the highly reduc-
ing environment of the cytoplasm but can be built up 
in the more oxidizing milieu of the ER. To our surprise, 
we discovered that in the case of vaccinia, both cyto-

plasmically synthesized nucleocapsid proteins as well 
as the cytoplasmic domains of three integral mem-
brane proteins (P32, P16 and P21) have intermolecular 
disulfide bonds that are used to construct higher-order 
macromolecular assemblies in the virus. These bonds 
are not essential for assembly but in their absence 
(when DTT is added to infected cells), the virus falls 
apart upon isolation. Whereas the disulfide bonds of 
the nucleocapsid proteins assemble only when the 
IMV seals itself in the cytoplasm, those of the mem-
brane proteins appear to be an inherent consequence of 
the proteins themselves since they can be observed 
when these proteins are expressed by themselves in 
(uninfected) cultured cells. 

The infection process 

The previously available ultrastructural and dye 
dequenching data had suggested that both the IMV 
and EEV enter cells by a fusion process. However, our 
recent data are now totally inconsistent with this idea 
for both viral forms. First, EM immunolabelling exper-
iments have failed to show convincing evidence for the 
incorporation of IMY and EEV membrane antigens 
into the plasma membrane during the infection 
process. Rather, these antigens can be seen in mem-
brane fragments that appear to come off the virus as 
the nucleocapsid traverses the plasma membrane. 
Secondly, when the IMV is treated with DTT, the viral 
membranes partially un coat; however, this treatment 
has no effect on the infection process. Thirdly, whereas 
the disulfide bonds on the core proteins become 
reduced as they enter the cytoplasm, those on the 
membrane proteins remain oxidized. The mechanism 
by which the nucleocapsid crosses the plasma mem-
brane barrier remains unresolved. We intend to 
analyse the entry of both the IMV and EEV using the 
patch clamp physiological approach, in collaboration 
with Manfred Lindau (Cornell University, USA). 
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Phagosomes 
(M. Egeberg, H. Defacque, A. Jahraus, A. Haberman) 

For this system J774 mouse macrophages are given 
non-biodegradable 1 /lm latex beads which they take 
up via phagocytosis, an actin-dependent process. 
Subsequently, the phagosomes mature in the cell, a 
process in which they interact in a complex fashion 
with actin and micro tubules (Blocker et al., 1997a, b) 
and fuse with early endosomes, late endosomes and 
lysosomes (Jahraus et al., 1998). At any stage following 
internalization the phagosomes can be isolated, highly 
purified, by a simple flotation procedure using a 
sucrose gradient. 

Interaction between phagosomes and actin 

Most of our efforts during the past year have focused 
on the interactions of phagosomes with actin. This new 
area of research for our group was initiated when 
Andrea Jahraus set up an in vitro assay for analysing 
the fusion of phagosomes with either crude fractions of 
endosomes and lysosomes or with enriched fractions 
of early endosomes, late endosomes or lysosomes. This 
analysis showed that 'young' phagosomes (up to 12hrs 
after internalization) are highly fusogenic with all three 
endocytic organelle fractions, whereas older phago-
somes are non-fusogenic in vitro. (Jahraus et al., 1998). 
These data are consistent with a similar loss of phago-
some fusogenicity in vivo (Desjardins et al., 1997). 
Within the active fusogenic period, it was found that 
reagents that affect the actin, as well as myosin, 
cytoskeleton can have striking effects on the fusion 
process. The fusion is stimulated by gelsolin, thymosin 
P4 as well as, under some conditions, by phalloidin. 
This process is inhibited by many reagents including 
cylochalasin D, increasing concentrations of phal-
loidin-stabilized F actin, Rho-GDI, and the myosin 
inhibitor butanedionemonoxime. 

Using immunofluoescence microscopy and rhodamine 
labeled monomeric (G) actin in combination with 
phagosomes and endocytic organelles, we observed a 
distinct structure to the newly-assembled actin 
cytoskeleton under fusion conditions (cytosol plus 
ATP); a network of labeled actin was observed around 
the membrane organelles. In contrast, in the presence 
of cytosol minus ATP, the networks were not seen but 
rather bundles and structureless aggregations of F 
actin. These results were also confirmed by negative 
staining EM, as well as by cryo EM (see Figure 1). 

In order to further dissect the role of actin in the fusion 
process we set up in vitro assays to characterize actin 
nucleation on phagosomes. This project was done in 
collaboration with the group of Heinz Faulstich, Max 
Planck Institute, Ladenburg. Fluorescently-labeled G 
actin was used in combination with phagosomes of dif-
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ferent ages and the nucleation and growth of F actin 
was monitored by either immunofluoresence 
microscopy or by FACS analysis. In the initial experi-
ments, 2 hr phagosomes could nucleate and polymer-
ize actin, not only from G actin by itself but also when 
the free G actin was kept at relatively low levels by the 
presence of an excess of thymosin P4(TB4)-which in 
the absence of phagosomes inhibits actin polymeriza-
tion. A number of observations argued that the phago-
somes nucleate actin in such a way that new 
monomers are added to the fast-growing 'barbed' end 
of actin at the phagosomal membrane. By analysing 
this nucleation process at different phagosome ages, 
we saw that the level of nucleation / polymerization 
peaked at 4-6 hrs after phagosome formation, followed 
by a low at the 12 hr time point and a second peak at 
24 hrs. 

Peripheral membrane proteins of phagosomes are 
essential for the actin nucleation which is inhibited by 
1M NaCl. Such 'high-salt' treated phagosomes can 
fully reconstitute actin nucleation in the presence of the 
high salt extract of young (2 hr-active) phagosomes but 
not in the presence of (inactive) 12 hr phagosomes. 
Actin polymerization can also be reconstituted by the 
addition of the phosphoinositides PI4,sPz and PI3,4,sP3 
which have been widely implicated as being important 
for actin nucleation on membranes. Moreover, the lev-

Figure 1 

Endosomes from J774 mouse macrophages were filled in vitro 
with 5 nm gold conjugated to bovine serum albumin (small 
arrowheads), isolated and mixed with macrophage cytosol 
and ATP in a drop on which an EM grid is floated. After Ihr 
at 37 "c, the grid is labeled with anti actin and 10 nm gold 
protein A (large arrowheads) before negative staining. The 
endosomes aggregate (and fuse, not shown) in areas that are 
surrounded by a dense network of actin filaments. These 
meshworks are not seen in the absence of ATP. 



els of these phosphoinositides on phagosomes corre-
late well with phagosome ages and their ability to 
nucleate actin. 

One essential protein for the actin nucleation/poly-
merization appears to be ezrin, which is enriched on 
phagosomes of all ages. In recent experiments the 
addition of recombinant, full-Iengt ezrin could effect a 
reconstitution of actin nucleation/polymerization in 
the presence of 2 hr, phagosomes. Our 
immediate goal now is to identify and provide a 
detailed characterization of the molecular machinery 
on the cytoplasmic surface of phagosomes that nucle-
ates actin. The long term goal is to functionally link the 
actin nucleation to its possible role in the clocking/ 
fusion process. 
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Microtubules are responsible for a number of morpho-
genetic processes in cells such as spindle assembly and 
membrane traffic. We seek to understand the mecha-
nisms by which microtubules perform these functions 
in a number of different systems. 

Structural changes behind the control of 
microtubule dynamics 

Microtubules are tubes made up of about 13 protofila-
ments, head-to-tail arrangements of tubulin dimers. 
They grow by polymerization and shrink by depoly-
merization. The transition between growing and 
shrinking is unpredictable, a process termed dynamic 
instability. Dynamic instability is seen both in vivo and 
in vitro and is a fundamental property of the micro-
tubule polymer. Dynamic instability requires the 
hydrolysis of GTP, which is hydrolyzed soon after 
polymerization but used only during depolymeriza-
tion. Thus the energy of GTP hydrolysis must be stored 
in the microtubule lattice. To understand how GTP 
hydrolysis destabilizes the lattice, we have used cryo-
electron microscopy of microtubules depolymerizing 
with and without GTP hydrolysis. We have shown that 
hydrolysis increases the curvature of the protofila-
ments. Thus it is possible that the energy of GTP 
hydrolysis is stored in the form of protofilament cur-
vature, which puts strain on the microtubule lattice. 
The strain is released during shrinking. 

Role of phosphorylation in the control of 
microtubule dynamics and spindle assembly 

During spindle assembly, microtubules are stabilized 
in the vicinity of chromatin by modulating dynamic 
instability. How is dynamic instability controlled in 
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vivo? We have investigated the control by phosphory-
lation in collaboration with the lab of Eric Karsenti. We 
show that PP2A controls microtubule dynamics a least 
partially through the protein OP18. OP18 destabilizes 
micro tubules, active when dephosphorylated and 
inactive when phosphorylated. We have shown that 
chromatin can inactivate OP18 by triggering its phos-
phorylation. Thus it is possible that chromatin, by 
locally modulating the phosphorylation state of pro-
teins that control microtubule dynamics, stabilizes 
microtubules in its vicinity. 

Regulation of microtubule attachment to 
kinetochores 

Microtubules are also stabilized by attachment to kine-
tochores. We are trying to understand how kineto-
chores interact with microtubules and stabilize them. 
We have established an in vitro assay in which we can 
assemble kinetochores. We have shown that this 
assembly is regulated by type 1 phosphatase (PPl), 
which dephosphorylates Ndc10p, a component of the 
yeast kinetochore. Mutants in PPI arrest in mitosis. We 
have shown that this arrest point is bypassed in ndc10 
mutants and also mutants in the spindle checkpoint 
pathway. Therefore, it may be that one of the biochem-
ical states checked by the spindle checkpoint is the 
phosphorylation state of Ndc10p. 

Role of microtubules in the first asymmetric 
division of C. elegans 

One of the key issues in the future is understanding 
how the principles of control of the microtubule 
cytoskeleton that we have elucidated in simple sys-
tems also apply in more complex developmental con-



texts. To approach this problem we have started a 
study of the role of microtubules in the first asymmet-
ric cleavage of C. elegans. We have screened a collection 
of maternal effect mutants generated by Heinke and 
Ralph Schnabel. We have identified about 50 mutations 
in genes required to organize the first cleavage of C. ele-
gans. We are in the process of studying and cloning 
some of these mutants, and characterizing the process 
of asymmetric cell division. 
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Mechanisms of mitotic spindle assembly 

In interphase, micro tubules form a more or less 
dynamic network of fibers, usually originating at the 
centrosome. They playa role in intracellular move-
ment and the 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, 
whose function is to segregate the chromosomes 
between the two daughter cells without errors. 
Therefore, one important function for microtubules, in 
interphase as well as in mitosis, seems to be to guide 
and orient intracellular movement. In turn, the spatial 
organization of micro tubules in the cell is determined 
by various internal and external signals. Our goal is to 
identify such signals and study their global or local 
effects on structures and molecules involved in micro-
tubule nucleation, dynamics, orientation and organiza-
tion in the cell. 

In the past years, we have identified the cyclin B-
dependent kinase as a major regulator of microtubule 
dynamics during mitosis. We have also clarified how 
the temporal control of this kinase is achieved through 
a complex positive feed back loop of phosphorylation-
dephosphorylation reactions (Wilhelm et al., 1997). 
Concerning the regulation of cdc2 kinase, the challenge 
is now to understand how the various forms of this 
enzyme are regulated during different phases of the 
cell cycle and how its activity is controlled by events 
like spindle function or DNA replication. We have tem-
porarily interrupted our line of research concerning 
cell cycle regulation to focus on the mechanism of spin-
dle assembly and the regulation of microtubule 
dynamics. 

To further our understanding of spindle assembly, we 
need to know more about the molecular basis of micro-
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tubule growth and dynamic instability, to identify the 
MAPs regulating this process, and to identify the 
microtubule motors responsible for microtubule 
dependent movements in the spindle. We also need to 
determine how cdc2 kinase and the phosphatases that 
oppose its action modulate the phosphorylation state 
of the MAPs and motors during mitosis. More specifi-
cally, we need to understand how microtubule growth 
is biased towards chromosomes and how bipolarity is 
established. 

Regulation of microtubule dynamics during 
mitosis 

We still do not know the molecular basis of the 
increased dynamics of microtubules in mitosis, apart 
from the fact that this requires protein phosphorylation 
under the control of the cdc2 kinase. There must be a 
combination of Microtubule Associated Proteins 
(MAPs) that maintain a high microtubule growth rate 
and factors that make microtubules unstable so that 
they display a steady state length. This is very impor-
tant in understanding how the shape and size of the 
mitotic spindle are determined. S. Andersen and J. 
Dominguez have been working on the characterization 
of MAPs in Xenopus egg extracts and on the regulation 
of destabilizing factors. A new MAP has been charac-
terized, XMAP31O, associated with spindle micro-
tubules in mitosis and present in the nucleus in inter-
phase (Andersen and Karsenti, 1997). This MAP 
increases the rate of rescues of dynamic microtubules 
in vitro and causes the appearance of pauses. About 
half of the length of XMAP 230 has been cloned and we 
are developing strategies to determine which MAPs 
are required for spindle assembly and to clone them. 
Recently, a microtubule destabilizing factor called 
OP18 or Stathmin has been identified in T. Mitchison's 
laboratory. Its effect on microtubule dynamics has been 
studied further by the group of A. Sobel in Paris 



(Curmi et ai., 1997). We have shown that its phospho-
rylation is regulated in a complex way by cdc2 kinase 
and a type 2A phosphatase, and that type 1 and type 
2A phosphatases play distinct roles during spindle 
assembly (Tournebize et al., 1997). 

The role of chromatin in spindle assembly 

In 1984, I noticed that mitotic chromatin is required to 
form a functional bipolar spindle: the micro tubules of 
two asters localized next to each other in the mitotic 
cytoplasm of frog eggs never interacted because micro-
tubules 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 has been supported by several observations and 
chromosomes seem to contain a factor that stabilizes 
microtubules in their surroundings. This may be a 
phosphatase that opposes the effect of cdc2 kinase on 
MAPs locally (Andersen et ai., 1994; Karsenti, 1991). We 
are presently trying to develop assays to study the 
nature of chromosome associated phosphatases and 
their regulation, and to determine whether localized 
kinases and/ or phosphatases could generate gradients 
of soluble phosphorylated substrates (for example, 
MAPs; collaborations with the groups of T. Hyman and 
E. Stelzer in Heidelberg and S. Leibler). One approach 
is to couple plasmid DNA to small magnetic beads, 
add them to a frog egg extract and study the effect on 
microtubule assembly (Figure 1). Rebecca Heald has 
been working on this problem in collaboration with the 
group of Peter Becker, who was using these beads to 
study chromatin dynamics in Drosophila extracts. She 
observed that in interphase extracts, functional nuclei 
would assemble around the beads, whereas in mitotic 
extracts, bipolar spindles assemble in the absence of 
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centrosomes and kinetochore sequences on the DNA 
linked to the beads. Therefore, spindle bipolarity is an 
intrinsic property of microtubule polarity, of the asym-
metry generated by the chromosomes and the activity 
of motors that sort microtubules around the chromo-
somes (Heald et ai., 1996; Vcrnos and Karsenti, 1995). 

Such a process requires that the chromatin associated 
with the beads have a local effect on microtubule 
nucleation and/or dynamics. This is this step that we 
believe involves the activity of enzymes like kinases or 
phosphatases associated with chromatin and affecting 
the phosphorylation state and activity of soluble 
molecules regulating microtubule dynamics. S0ren 
Andersen has shown that one of the factors that make 
microtubules highly dynamic in the cytoplasm, the 
protein Stathmin, is more phosphorylated in mitotic 
extracts of Xenopus eggs only if chromatin is present. 
Moreover, this increased phosphorylation seems to be 
regulated in a very interesting way. The protein is 
phosphorylated by the cdc2 kinase and dephoshorylat-
ed by a type 2A phosphatase. Since cdc2 kinase is very 
active in mitotic egg extracts, and because Stathmin is 
not phosphorylated in mitotic extracts lacking chromo-
somes, we conclude that a type 2A phosphatase is so 
active towards Stathmin in these extracts that the 
steady state level of Stathmin phosphorylation remains 
low. We showed that Stathmin becomes progressively 
phosphorylated in a dose-dependent manner with 
increasing amounts of chromatin added to the extract. 
We propose that chromatin contains a factor that local-
ly inactivates type 2A phosphatase activity towards 
Stathmin, thus allowing Stathmin phosphorylation 
around chromosomes. S0ren Andersen has also shown 
that direct phosphorylation of recombinant Stathmin 
by cdc2 kinase results in its partial inactivation as a 
microtubule destabilizing factor. Therefore, this mech-
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MAGNETIC BEADS 
COATED WITH DNA 

"SYNTHETIC 
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Figure 1. 

Spindle assembly around DNA beads in Xenopus egg extracts 
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anism may be, at least in part, the answer to how micro-
tubules grow preferentially towards chromosomes dur-
ing mitosis (Andersen et al., 1997). 

The role of centrosomes in spindle assembly 

If centro somes are not required to establish a bipolar 
spindle, what is their role during mitosis? Rebecca 
Heald has started to examine this question by looking at 
the effect of having only ofle centrosome instead of two 
during assembly of a mitotic spindle. She found that 
under these conditions, a monopolar spindle forms. 
This was already known, but it seems to contradict the 
finding that in the total absence of centro somes, a bipo-
lar spindle forms. Why would a pole not self-organize 
on the side of the chromosomes lacking a centrosome? 
In order to solve this problem, she removed the centro-
some from the monopolar spindle by inactivating the 
motor dynein, which is required for tethering the micro-
tubules from the centrosome to the spindle micro-
tubules. The result was that the spindle became bipolar. 
This means that centro somes are dominant: when they 
are present they nucleate micro tubules at a higher rate 
than the free growing microtubules. This provides a 
kinetic advantage to the centrosome-nucleated micro-
tubules that capture all other microtubules nucleated 
around chromosomes through the activity of dynein. In 
this way, the centrosomes dictate where a pole should 
form in the cell and how many can form (Heald et al., 
1997). 

The role of microtubule motors in spindle 
assembly 

The polarity of the microtubule lattice is of fundamental 
importance in cellular morphogenesis. This polarity is 
read by motors that can move specifically towards one 
end or the other of the microtubule and therefore deliv-
er specific cargoes to cellular domains. The corollary of 
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Figure 2 

this is that micro tubules have to be oriented in the cel-
lular space to allow for specific delivery. How this ori-
entation takes place, how motors read microtubule 
polarity, and how motors interact with cargoes or cel-
lular domains are therefore key issues in understand-
ing an important part of the basic principles that gov-
ern cellular morphogenesis (Hyman and Karsenti, 
1996; Karsenti et al., 1996; Vernos and Karsenti, 1995; 
Vernos and Karsenti, 1996). 

We have shown that during assembly of a bipolar spin-
dle around chromatin beads, micro tubules are sorted 
into two anti-parallel arrays by a sliding process. 
Formation of mitotic spindle poles depends on the 
activity of dynein, while sorting of micro tubules into a 
bipolar array seems to depend largely upon the activi-
ty of a chromosome-associated motor, Xklpl (Vernos et 
al., 1995). This motor associates strongly with DNA 
beads in mitotic extracts, but to a lesser extent with 
nuclei assembled around the same beads in interphase 
extracts. It probably plays a fundamental role in the 
morphogenesis of the mitotic spindle by capturing 
microtubules on the surface of chromosome arms 
(Figure 1). Another KLP, initially cloned by Isabelle 
Vernos and studied by Haralabia Boleti, turns out to be 
associated with spindle poles. It is essential for centro-
some separation in prophase and a stabilization of 
spindle bipolarity (Figure 3; Boleti et al., 1996). Torsten 
Wittmann is presently determining the nature of the 
signal in the tail of the XKLP2 molecule that targets it 
to spindle poles. A leucine zipper sequence as well as 
dimerization of the protein seem to be important. 
Moreover, the protein is targeted to microtubule minus 
ends in a complex manner, involving both the activity 
of the dynein-dynactin complex and a 100 kD MAP. 
Xklp3, another kinesin-like protein identified by 
Isabelle Vernos, is being worked on by Nathalie Lebot. 
This motor is not involved in spindle assembly but 
rather in the function of the Golgi apparatus. 

+ 

• 
+ 

Spindle organization by plus end directed motors on chromosome arms and minus end directed motors moving between 
adjacent microtubules 
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Migration of nuclei along micro tubules 

Another important aspect of mitotic spindle assembly 
is the positioning of the spindle and its orientation rel-
ative to the polarity of the dividing cell. Sigrid Reinsch 
has been working on this problem in polarized MOCK 
cells (Reinsch and Karsenti, 1994). During this work, it 
became clear that both centrosomes and nuclei move 
relative to each other during prophase in order to ori-
ent the axis of the spindle. We know very little about 
the molecular mechanisms of nuclei and centrosome 
movements. Both seem to move in a microtubule-
dependent way through the action of motors, but the 
MOCK system is not well adapted to approaching this 
problem at the molecular level. Following fertilization 
in Xenopus eggs, the female pronucleus also migrates 
from the animal hemisphere of the egg towards the 
male pronucleus. This migration occurs along micro-
tubules nucleated by the centrosome associated with 
the sperm. Here, too, the first mitotic spindle has a spe-
cific orientation relative to the sperm entrance point, 
and this will determine the dorso-ventral axis of the 
embryo. 

Sigrid Reinsch has used extracts made from fertilized 
eggs at the time of pronuclear migration together with 
synthetic nuclei made around magnetic DNA beads in 
developing an assay to study nuclear movement along 
microtubules. She has demonstrated that the minus-
end directed movement of the bead nuclei along cen-
trosome-nucleated microtubules is driven by dynein 
(Reinsch and Karsenti, 1997). Exactly where the motor 
is localized remains to be demonstrated. It must in 
some way interact with the nuclear surface, but noth-
ing is known about this. 
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Mechanism of centro-
some separation by 
Xklp2 during prophase 
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Intracellular transport occurs along preformed tracks 
and over long distances. This is particularly true for the 
secretory pathway, which is initiated at the level of the 
ER. Properly folded and oligomerised proteins leave 
the ER via vesicles and later fuse to form pleimorphic 
structures termed ER to Golgi intermediate compart-
ments (ERGICs). This takes place at 100-150 peripheral 
ER exit sites that are dispersed throughout the cell. 
What follows next is an active transport of entire 
ERGICs along microtubles towards the microtubule 
organising centre (MTOC) where, in close proximity, 
the Golgi apparatus is situated. This process was 
recently visualised by others in living cells by high-
lighting ER-derived cargo coupled to GFP. As initial 
stages of cargo transport have been shown to invoke 
homotypic fusion of ER-derived vesicles, our working 
model is that ERGICs are "in transit" and that they 
constantly reform de novo. This constitutes the first 
step in a continuing maturation process designed to 
bring cargo forward in a manner which does not 
require entry of cargo into any further transport vesi-
cles. Instead, cargo remains in the formed membrane 
structure which matures into Golgi cisternal mem-
branes through a process of homotypic fusion. Energy 
is required to drive this process and this is in part dis-
sipated by the continual production of retrograde 
transport carriers (RTCs) which recycle constituents of 
the pathway (e.g. glycosylation enzymes and structur-
al proteins). These RTCs fuse with younger incoming 
membranes delivering ingredients needed for the mat-
uration process. Thus, the ERGICs and the Golgi appa-
ratus are very dynamic structures where each mem-
brane exists in a state of transition. Nevertheless, when 
observed in fixed or living cells, the exocytic pathway 
appears heavily ordered. For example, glycosylation 
enzymes which act early distribute "early" and those 
adding terminal sugars locate "late". Our area of 

research focuses on how these "residents" of the path-
way know when to enter RTCs. Additionally, we are 
interested in transport and targeting of RTCs and final-
ly, what they are composed of. As a model system, we 
use HeLa cells. 

Mapping of resident proteins 
(5. R6ttger and J. Fiillekrug) 

Although the pathway is very dynamic, a protein's 
steady state distribution can be determined in fixed 
cells at the ultrastructural level. Thin frozen sections of 
HeLa cells were immunolabelled for various endoge-
nous or stably expressed residents. The latter offer the 
advantage of epitope tagging of the residents, ensuring 
their detection using well established primary antibod-
ies towards the epitope. To allow for unbiased quanti-
tation, we developed a computer-aided approach in 
collaboration with the group of C. Boulin (EMBL). 
Essentially, this programme scores and measures the 
relative distance of a gold particle (marking the resi-
dent) in the stack in relation to the cis and the trans side 
of the Golgi complex. By setting the distance from cis to 
trans to a constant of 1, and knowing the polarity of the 
stack, we could express the position of each gold parti-
cle as a fraction of 1 and accumulate measurements as 
meaningful data. This method has proven extremely 
reproducible, even in those cases where labelling den-
sity was low. 

So far, our accumulated work-building in part on pre-
vious postdoctoral work (Nilsson) in the lab of G. 
Warren (ICRF, London)-shows that resident proteins 
exist as gradients and that these gradients have unique 
characteristics. For example, the medial-trans protein a 
1,2-mannosidase II (Mann II) has a very sharp peak 
compared to, for example, N-acetylgalactosaminyl-
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transferase I (GalNAc-Tl), which appears to have a flat 
distribution across the stack (see Figure 1). Our work 
also showed, in contrast to previous beliefs, that initia-
tion of O-glycosylation occurs throughout the Golgi 
stack rather than taking place exclusively in the cis cis-
terna. Thus, not only did this work provide neccessary 
information for where various residents are at steady 
state, it also provides important insight into the nature 
of the actual processing of the cargo moving through 
the pathway. In all cases-; independent techniques such 
as immunofluorescence and subcellular fractionation 
confirmed the location of each resident. The latter tech-
nique was particularly helpful in determining the dis-
tribution of a novel family of small membrane proteins 
termed p24s. 

p24s, building blocks of the early secretory 
pathway 
(J. Fiillekrug, K. Dejgaard and M. Dominguez) 

p24s belongs to a highly conserved family (e.g. from 
yeast to mammals) of small type I transmembrane pro-
teins. In yeast, eight members have been identified and 
at least the same number is found in mammalian 
species. By aligning their sequences to reveal degrees 
of homology (including those of other species), we 
have identified four sub-families which we term ex" 8 
and y. cDNAs for at least one member of each sub-fam-
ily were isolated and specific antibodies to these were 
generated. Subcellular fractionation revealed that all 
members resided at steady state in the ERGIC and 
early Golgi, though with slightly different distribu-
tions. Nevertheless, we also found strong evidence 
suggesting that the different members are functionally 
interdependent. For example, detergent extractions fol-
lowed by sedimentation gradient centrifugations 
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reveal that all members co-sediment as high molecular 
complexes. Furthermore, in vivo studies show that 
mutation of retrieval motifs present in the cytoplasmic 
domain of ex, and 8 result not only in loss of both these 
proteins but also in loss of the nonmutated and y to 
the cell surface. That they interact directly was also 
confirmed by direct co-precipitation. Antibodies 
directed towards the cytoplasmic domains of two y 
chains, y3 and y4, were generated and upon immuno-
precipitation, all other members co-precipitated show-
ing that indeed, they form a hetero oligomeric com-
plex. As both ex, and 8 contain functional retrieval sig-
nals, this should suffice to ensure the retrieval of all 
members. Why both ex, and 8 exist more in the ER than 
the other members do may be a consequence of these 
being more abundant. Without the other members, ex, 
and 8 could be retrieved earlier or perhaps, not leave 
the ER at all. We are now in the process of examining 
the relative amounts of each component to test this 
hypothesis. 

p24s, major coat binding proteins of the early 
secretory pathway 
(K. Dejgaard, M. Dominguez and J. Fiillekrug) 

As stated above, both ex, and 8 display retrieval motifs 
in the form of K(X)KXX-like motifs. This motif acts 
through the direct binding of cytoplasmic coat proteins 
(COPs), termed coatomer I, which mediates the forma-
tion and coating of RTCs. We have shown that indeed, 
both ex, and 8 bind coatomer I and that the other chains, 
as expected, do not. Though not surprising, this is an 
important finding as earlier work claimed that ex, and 8 
predominantly bound a sub complex of coatomer I 
termed R and the remaining members predominantly 
bound another sub-complex termed F. This was pro-
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Figure 1 

Cisternal carriers assemble through 
lateral fusion of uncoated, COP II 
derived vesicles. Over time, these 
receive resident proteins such as gly-
cosylation enzymes acting on the 
cargo. After some time, residents are 
taken out through incorporation into 
COP I vesicles which uncoat and 
transport the residents to an earlier 
and incoming cisterna. At the trans 
side, the cisterna disassemble, releas-
ing the cargo for the plasma mem-
brane or the endocytic pathway. 
Note the gradient-like distributions 
of each of the resident proteins. 



posed by Rothman and collegues to offer evidence in 
support of the hypothesis that COP I vesicles can trans-
port cargo in a forward (F) direction. We find no evi-
dence for this. Binding of coatomer I was observed as 
an intact complex, though a low affinity binding to the 

member could be observed occasionally. This 
prompted us to examine the possibility that COP I may 
bind to other residents further into the pathway. 
Indeed, lowering the stringency revealed an increase of 
COP I binding to the and y members but also to cyto-
plasmic domains of several Golgi resident glycosyla-
tion enzymes including those of the trans Golgi and the 
TGN. This work has promted us to re-examine the role 
of these cytoplasmic domains, and we are currently 
testing whether these comprise functional retrieval sig-
nals similar to the K(X)KXX motif. 

We also found that a diphenylalanine (FF) motif pres-
ent in cytoplasmic domains of all p24s was required for 
the exit of the p24 complex from the ER. As with 
K(X)KXX binding directly to coatomer I, we showed 
that the FF motif is mainly responsible for the binding 
of coatomer II. This coat is comprised mainly by two 
heterodimers (Sec23/24 and Sec13/31) and is required 
for the formation of ER derived vesicles. Thus, we 
believe that the p24s exist between the ER and the 
Golgi and that this is the result of two opposing forces, 
the binding of coatomer I for retrieval and coatomer II 
for rapid exit from the ER. Given their abundance, we 
speculate that the p24s along with cytoplasmic coats 
also constitute the necessary building blocks for the 
formation and maintenance of the ERGICs and per-
haps the first (cis) cisterna. This strutural and protec-
tive role is then taken over by the "resident" glycosyla-
tion enzymes which bind coatomer I as well, albeit 
with lower affinity. 

As noted above, ERGICs are formed de novo following 
the uncoating and homotypic fusion of ER derived 
vesicles. These pre-Golgi structures may also serve as 
acceptors to incoming RTCs. As a part of trying to 
understand how and where RTCs are formed, targeted 
and finally fuse with acceptor membranes, we have 
developed two independent in vitro assays to study 
these events. 

Fusion of vesicles to acceptor membranes 
(M. Otter-Nilsson) 

The requirement for membrane fusion is particularly 
high in the early steps of the exocytic pathway. 
Components which have been implicated in these 
events are several but until recently, none had been 
shown to mediate fusion directly. The observation that 
v- and t-SNARES could stimulate fusion between two 
liposome populations recently prompted Rothman and 
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collegues to conclude that these are the major compo-
nents mediating fusion. However, the kinetics of 
observed fusion was extremely slow (in excess of 30 
minutes). We examined the possibility that other com-
ponents might be involved or even responsible. I 
Liposomes were generated and fused to purified Golgi 
membranes, and we could show that a cytosolic factor 
appeared important, perhaps even crucial for this 
event. As v- and t-SNAREs are membrane bound, this 
suggested that other proteins were involved. 
Following fractionation of the cytosol, we were able to 
demonstrate that an ATPase termed p97 and a cofactor, 
p47, were responsible for fusion. In a pure liposome-
liposome fusion assay, we further showed that p97 / 47 
alone can mediate fusion with kinetics in the range of 
seconds (compared to the observed 30 minutes or more 
for v- and t-SNAREs). As Warren and collegues have 
shown that p97 binds directly to syntaxin-5, at-SNARE 
of the ERGIC/ cis Golgi, we speculate that p97 medi-
ates the direct fusion event and that v- and t-SNAREs 
ensure correct targeting and pairing of membranes 
rather than actual fusion. We are now in a position to 
examine, with purified components, the direct require-
ments for fusion of RTCs to acceptor membranes. To 
enable this, we have also established an in vitro assay 
for the production of RTCs. 

Generation of functional RTCs in vitro 
(J. Lanoix and A. Stark) 

The aim of this assay is to produce, isolate and charac-
terise RTCs derived from highly-purified rat liver 
Golgi membranes. We have so far been able to show 
that indeed, RTCs can be readily produced in a 
coatomer I dependent manner. That they constitute 
RTCs was shown by their content of "resident" pro-
teins relative to forward moving cargo. Up to a ten-fold 
concentration of medial-trans glycosylation enzymes 
could be observed, and these were found to be func-
tional in that they effectively delivered their content to 
acceptor membranes in a modified version of the clas-
sical Balch/Rothman in vitro transport assay. That gly-
cosylation enzymes are concentrated agrees well with 
the observation that they directly bind coatomer I via 
their cytoplasmic domains. Hence, we speculate that 
this ability constitutes a major portion 6f the mecha-
nism responsible for the segregation between retro-
grade and anterograde cargo. We are now in a position 
to examine RTCs in vitro. By adding these to cytosolic 
extracts containing stabilised and labelled micro-
tubules, we hope to visualize their possible move-
ments along these tracks and to analyse and dissect 
components necessary for this. An additional tool is 
the possibility of producing RTCs generated from 
Golgi membranes containing GFP-tagged glycosyla-
tion enzymes. 
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GFP-tagged glycosylation enzymes and rab 
proteins reveal novel recycling pathways 
(J. White, B. Storrie and J. Ouwendijk) 

To address the issue of the recycling of residents, we 
have generated several HeLa cell lines expressing gly-
cosylation enzymes and rab proteins fused to GFP. This 
has allowed us to highlight two novel pathways of 
recycling. The first of these pathways takes place along 
pre-existing microtubules-and involves the action of a 
specific kinesin. This kinesin is recruited onto RTCs by 
the action of a small GTPase, rab6, as shown by Goud 
and co-workers. By fusing rab6 to GFP, we found that 
long and short tubular membranes move outwards 
from the Golgi apparatus towards the cell periphery to 
points co-Iocalising with markers for focal adhesion 
sites. This is where microtubles bundle together. That 
membranes can move from the Golgi in this manner 
was unexpected and raises several questions in terms 
of their function and targeting. We have now extended 
these studies and are currently examining all known 
Golgi rab proteins using the same approach. In addi-
tion, we are attempting to identify their interacting 
motor proteins using the yeast two hybrid method. 

That the Golgi apparatus relies heavily on the micro-
tubuli network for its central position at the MTOC is 
clear. Early studies have shown that upon depolymeri-
sation of microtubles, the Golgi apparatus disassem-
bles and later appears at peripheral sites. This can be 
observed upon addition of the drug nocodazole which 
binds and traps the tubulin dimer and prevents assem-
bly into a polymer. Consequently, most microtubles 
disappear quickly upon addition of the drug. Using 
GFP as a tool to highlight events following addition of 
nocodazole in living cells showed, to our surprise, that 
rather than fragmenting, the Golgi simply disappeared 
and reappeared at the 100-150 peripheral ER exit sites 
without revealing any intermediates. This occurred 
abruptly though the process required at least 4 hours 
for completion. Furthermore, upon redistribution, the 
GFP-tagged enzyme is now found in small Golgi 
stacks which have reformed, presumably de novo, close 
to the ER exit site. These stacks were found to be very 
similar if not identical in their appearance to stacks 
present at the MTOC and showed no detectable differ-
ences in the relative distributions of resident enzymes 
at steady state. In other words, the ability of the Golgi 
stack to organise itself de novo appears to be a micro-
tubule-independent process. Nevertheless, micro-
tubles, motor proteins and rab proteins are clearly 
involved in maintaining and regulating the Golgi 
apparatus. We therefore believe that there are at least 
two levels of organisation. One enables the Golgi to 
form and exist at equilibrium. This level of organisa-
tion is self-forming and is a consequence of the cister-
nal maturation process. Imposed on top exists a second 
level which involves the microtubule network and its 
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interacting components. Presumably, this second level 
allows transport and targeting events over great dis-
tances within the cell (e.g. ER to Golgi) and the ability 
to have a central Golgi apparatus. The latter would 
enable the cell to properly sort and direct proteins to 
various places in the cell after they exit the Golgi appa-
ratus. How the first and the second levels are co-ordi-
nated is still unclear. 
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One of the astonishing features of cellular architecture 
is the distinctive organization of the interior and exte-
rior of each cell type. How every cell type manages to 
achieve its characteristic form is an enigma that will 
occupy biology for years to come. Cellular morpho-
genesis involves a complex interplay between signal 
transduction, gene expression, organelle biogenesis, 
membrane trafficking and dynamic cytoskeletal net-
works. These processes will have to be dissected at the 
molecular level and then integrated into their cellular 
context in order to gain an understanding of how cell 
architecture is established. A striking example of cell 
morphogenesis is the biogenesis of polarity in epithe-
lial cells. This is the problem that our group has chosen 
to study. This process incorporates several features that 
are common to cell morphogenesis in general. Most 
important is the generation and maintenance of cell 
asymmetries. Epithelial cells form a barrier between 
the external world and the interior milieu. To perform 
vectorial functions at this boundary, the plasma mem-
brane of each epithelial cell is divided into two 
domains: an apical cell surface facing the outside, and 
the basolateral domain, which is in contact with the 
underlying extracellular matrix and the blood supply. 
These plasma membrane domains have different pro-
tein and lipid compositions. The experimental system 
that we use is the Madin-Darby Canine Kidney 
(MOCK) cell line, which forms a polarized epithelium 
when grown on permeable supports. This epithelial 
sheet mimics the organization seen in vivo and is an 
ideal cell system to study the biogenesis of epithelial 
surface polarity. When these cells are infected with 
enveloped viruses they distribute the viral spike glyco-
proteins either to the apical or the basolateral plasma 
membrane domains. These proteins have therefore 
become important model apical and basolateral pro-
teins in the study of polarized sorting and segregation 
in filter-grown MOCK cells. 

One early outcome of our work was the finding that 
glycosphingolipids are preferentially sorted to the api-
cal membrane from the TGN. This led us to formulate 
the working hypothesis that sphingolipid rafts are 
essential components in apical sorting, functioning as 
platforms onto which cargo such as GPI-linked pro-
teins and apical transmembrane proteins are loaded for 
transport to the apical surface domain. The hypothesis 
has now been extended to include cholesterol as an 
important co-organizer of the sphingolipid micro-
domains. Most importantly, the concept has been gen-
eralized. Recent work in our lab suggests that not only 
polarized cells such as epithelial cells and neurons, but 
also fibroblasts have the capacity to sort proteins and 
lipids into apical and basolateral cognate transport 
vesicles in the Golgi complex. This implies that one dif-
ference between epithelial cells and fibroblasts is that 
the docking machinery is polarized in the former cell 
type but not in the latter cells. On the basis of still frag-
mentary data we would like to postulate the existence 
of two circuits in membrane trafficking in mammalian 
cells. One circuit transports membrane proteins with 
sorting signals in their cytoplasmic domains while the 
other handles preferentially sphingolipid-cholesterol 
rafts and proteins associating with them. The main task 
of our laboratory is to dissect and characterize the 
machinery responsible for raft trafficking. 

Size and function of sphingolipid 
cholesterol rafts 
(T. Harder, P. Scheiffele, P. Verkade) 

Our new data has changed the prevailing view of the 
lipid bilayer as functioning mainly as a homogeneous 
two-dimensional solvent for integral membrane 
proteins. Lipids are not only asymmetrically 
distributed over the two leaflets in the bilayer; they are 
also organized in the lateral dimension by preferential 
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packing of sphingolipids with cholesterol to form 
separate liquid-ordered phases, i.e. sphingolipid-
cholesterol rafts. One important issue is the size of the 
rafts. This parameter will be dependent on the 
concentration of the raft lipids in the membrane. In the 
apical membrane, where raft lipids dominate, the raft 
domains will behave as a percolating system in which 
raft lipids and proteins freely diffuse in the lateral 
dimension. We studied the structure of raft domains in 
the plasma membrane" of non-polarized cells. 
Overexpressed plasma membrane markers were 
evenly distributed in the plasma membrane. We 
compared the patching behaviour of pairs of raft 
markers (defined by insolubility in Triton X-l00) with 
pairs of raft/non-raft markers. For this purpose we 
crosslinked GPI-anchored proteins PLAP and Thy-l, 
influenza virus hemagglutinin (HA), and the raft lipid 
ganglioside GMl using antibodies and/or cholera 
toxin. The patches of these raft markers overlapped 
extensively in BHK cells as well as in T-hybridoma 
cells. Importantly, patches of GPI-anchored PLAP 
accumulated the src-like protein tyrosine kinase fyn 
which is thought to be anchored in the cytoplasmic 
leaflet of raft domains. In contrast, patched raft 
components and patches of transferrin receptor as a 
non-raft marker were sharply separated. We could, 
moreover, show that antibody-induced clustering of 
PLAP leads to an increased temperature resistance to 
Triton X-l00 solubilisation. Taken together, our data 
strongly suggest that coalescence of crosslinked raft 
and non-raft patches is caused by the immiscibility of 
different lipid phases. Our results are consistent with 
the view that raft domains in the plasma membrane of 
non-polarised cells are normally small (below the 
resolution of the light microsope) and highly 
dispersed, but that raft size can be modulated by 
oligomerisation of raft components. These transitions 
of raft distribution from a highly dispersed state to 
larger patches may represent key events in the 
initiation of signalling cascades by bringing together 
signalling molecules-normally dispersed in non-
percolating microdomains-and their targets into 
common membrane domains. 

Biosynthetic sorting from the trans-Golgi 
network 
(K.-H. Chong, J. Benting, E. Ikonen, P. Keller, F. 
Lafont, S. Lecat, A. Rietveld, P. Scheiffele, P. Verkade, 
D. Zacchetti) 

To identify the molecular machinery involved in the 
sorting and targeting of apical and basolateral compo-
nents in the TGN, we have isolated transport vesicles 
from MOCK cells. Analysis of their protein composi-
tions led us to methodology that enabled us to isolate 
and characterize several important proteins involved 
in biosynthetic sorting and transport to apical mem-
branes. These proteins include annexin 13b, VIP21-
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cave olin, VIP36, and VIP17-MAL. Our previous work 
demonstrated that Rab8, NSF, SNAPs, and SNAREs 
are involved in basolateral delivery. 

Our recent work shows that cholesterol plays an 
important role in apical delivery for the TGN. By 
reducing the cholesterol level of living cells by 60-70% 
with lovastatin and methyl-p-cyclodextrin, we showed 
that the TGN-to-surface transport of the apical marker 
protein influenza virus hemagglutinin was inhibited, 
whereas the transport of the basolateral marker vesic-
ular stomatitis virus glycoprotein as well as the ER-to-
Golgi transport of both membrane proteins were not 
affected. Reduction of transport of hemagglutinin was 
accompanied by increased solubility in the detergent 
Triton X-l00 and by significant missorting of hemag-
glutinin to the basolateral membrane. In addition, 
depletion of cellular cholesterol by lovastatin and 
methyl-p-cyclodextrin led to miss orting of the apical 
secretory glycoprotein gp-80, suggesting that gp-80 
uses a raft-dependent mechanism for apical sorting. 
These data provide direct evidence for the functional 
significance of cholesterol in the sorting of apical mem-
brane proteins as well as of apically secreted glycopro-
teins. Since previous work in our lab has shown that 
the partitioning of apical cargo proteins into lipid rafts 
depends on cholesterol, these data strongly support 
the proposed role of rafts in mediating apical trans-
port. 

One problem in segregating rafts with their cargo into 
lipid carrier vehicles in the TGN is that the rafts have 
to cluster away from the basolateral cargo. Since rafts 
are smaller than the apical carriers there must be 
machinery responsible for this process. Recent work in 
our lab has implicated VIP21-caveolin 1 in this mecha-
nism. This cholesterol-binding protein polymerizes 
into large polymers in the TGN and is highly concen-
trated in apical transport vesicles. VIP17 has now also 
been found to participate in this process. Expressing 
antisense mRNA against VIP17 in MDCK cells leads to 
inhibition of the delivery of apical proteins from the 
Golgi complex. 

A third important player is the phospholipid-binding 
protein, annexin XIIIb. Unlike the members of the 
other annexin subclasses, annexin XIIIs are myristoy-
lated. We have shown by immunoelectron microscopy 
that annexin XIIIb is localized to the apical cell surface 
and also that annexin XIIIb is associated with rafts. 
Using in vitro assays and either myristoylated or 
unmyristoylated recombinant annexin XIIIb, we 
demonstrated that annexin XIIIb in its native myris-
toylated form specifically stimulates apical transport, 
whereas the unmyristoylated form inhibits this route. 
Moreover, the formation of apical carriers from the 
TGN is inhibited by an anti-annexin XIIIb antibody, 
whereas it is stimulated by myristoylated recombinant 



annexin XIITh. These results suggest that annexin XIIIb 
directly participates in apical delivery and may be 
involved both at the carrier formation stage and at the 
docking and fusion process at the apical membrane. 

Possible involvement of rafts in Alzheimer's 
disease 
(P. Keller, M. Simons) 

The amyloid precursor -protein (APP) plays a crucial 
role in the pathogenesis of Alzheimer's disease. During 
intracellular transport, APP undergoes a series of pro-
teolytic cleavages that lead to the release either of an 
amyloidogenic fragment called or of a 
nonamyloidogenic secreted form consisting of the 
ectodomain of APP (APPsec)' It is that accumulates 
in the brain lesions that are thought to cause the dis-
ease. By reducing the cellular cholesterol level of living 
hippocampal neurons by 70% with lovastatin and 
methyl--cyclodextrin, we show that the formation of 

is completely inhibited while the generation of 
APPsec is unperturbed. This inhibition of formation 
is accompanied by increased solubility in the detergent 
Triton X-lOO and is fully reversible by the readdition of 
cholesterol to previously depleted cells. Our results 
show that cholesterol is required for formation to 
occur and imply a link between cholesterol, and 
Alzheimer's disease. 

Publications during the year 

Fiedler, K, Kellner, R. & Simons, K (1997). Mapping 
the protein composition of trans-Golgi network (TGN)-
derived carrier vesicles from polarized MDCK cells. 
Electrophoresis, 18,2613-2618 

Cell Biology Programme 

Harder, T. & Simons, K (1997). Caveolae, DIGs, and 
the dynamics of sphingolipid-cholesterol micro-
domains. Curro Opin. Cell Biol., 9, 534-542. 

Ikonen, E., de Almeid, J.B., Fath, KR., Burgess, D.R., I 
Ashman, K, Simons, K & Stow, J.L. (1997). Myosin II 
is associated with Golgi membranes: identification of 
p200 as nonmuscle myosin II on Golgi-derived vesi-
cles. J. Cell Science, 110,2155-2164 

Keller, P. & Simons, K (1997). Post-Golgi biosynthetic 
trafficking. J. Cell Science, 110,3001-3009 

Scheiffele, P., Roth, M.G. & Simons, K (1997). 
Interaction of influenza virus haemagglutinin with 
sphingolipid-cholesterol membrane domains via its 
transmembrane domain. EMBO J., 16,5501-5508 

Scheiffele, P., Verkade, P., Fra, A.M., Virta, H., Simons, 
K & Ikonen, E. (1997). Caveolin-1 and -2 in the 
Exocytic Pathway of MDCK Cells. J. Cell Biol., 140, 
795-806 

Shevchenko, A., Keller, P., Scheiffele, P., Mann, M. & 
Simons, K (1997). Identification of components of 
trans-Golgi network-derived transport vesicles and 
detergent-insoluble complexes by nanoelectrospray 
tandem mass spectrometry. Electrophoresis, 18, 2591-
2600 

Simons, K & Ikonen, E. (1997). Functional rafts in cell 
membranes. Nature,387,569-572 

Verkade, P. & Simons, K (1997). Lipid microdomains 
and membrane trafficking in mammalian cells. 
Histochem. Cell Biol., 108,211-220 

51 



EMBL 1997 Research Reports 

The role of the actin cytoskeleton in cell motility 

Group Leader: M. Way 

Postdoctoral fellow: V. Moreau 

Predoctoral fellows: S. Higley, F. Frischknecht, S. Roettger 

Assistant: I. Reckmann 

A key mechanism in the virulence of any cellular pa-
thogen is its ability to spread from cell to cell. Under-
standing the role of the actin cytoskeleton in intra- and 
inter-cellular movement of pathogens provides excel-
lent model systems to dissect actin-based motility. We 
are currently using vaccinia virus as a model system to 
dissect actin-membrane interactions as well as cell 
motility. 

During the initial stages of vaccinia infection, a large 
proportion of cellular actin filaments disappear (Meyer 
et al., 1981). These changes are virally induced, as evi-
denced by the fact that inhibition of viral protein syn-
thesis prevents actin filament loss (Meyer et al., 1981). 
Three to four hours after infection, viral assembly 
occurs in specialized regions, called factories, that are 
anchored specifically to the actin cytoskeleton (Hiller et 
al., 1981). In latter stages of the infection cycle, there is 
a virus-induced assembly of large actin bundles and 
specialized microvilli at the cell surface (Stokes, 1976; 
Hiller et al., 1979). More recently, using a combination 
of mutant and drug studies, we have shown that the 
intracellular enveloped form of vaccinia virus (lEV) is 
capable of inducing actin tails that are strikingly simi-
lar to those seen in Listeria, Shigella and Rickettsia infec-
tions (Cudmore et al., 1995; Cudmore et al., 1996). 
Analysis in the video microscope reveals that single 
viral particles are propelled in vivo on the tip of actin 
tails, at a speed of 2.8 )..lm/min. Upon contact with the 
cell surface virus particles extend outwards on actin 
projections at a similar rate, to contact and infect neigh-
bouring cells. It is clear from our studies that vaccinia 
virus provides a model system to dissect actin-mem-
brane interactions as well as cell motility. 
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The role of viral proteins in actin tail 
formation 

The vaccinia viral genome contains a number of pro-
teins which-by virtue of sequence homology, earlier 
observations or lEV association-suggest that they 
may interact with the actin cytoskeleton and thus play 
a role in vaccinia-actin interactions. Our studies have 
shown that two viral proteins are not required for vac-
cinia actin tail formation: F17R, which binds actin, and 
F8L, which shows sequence homology to iActA, the 
protein responsible for actin tail formation by Listeria 
ivanovii (Reckmann et al., 1997; Higley and Way, 1997). 
The lEV specific integral membrane proteins A34R and 
A36R are, however, required for actin tail formation 
(Sanderson et al., 1998). We are continuing our studies 
on A34R and A36R to understand the role of these two 
proteins in actin tail formation. 

The role of host proteins in actin tail 
formation 

The proteins responsible for actin tail assembly, ActA 
and IcsA in the pathogenic bacterial systems Listeria 
and Shigella, respectively, do not interact directly with 
actin but recruit host cytoskeletal proteins which are 
then responsible for tail formation (Higley and Way, 
1997). We have examined the changes in localization of 
all the major host actin binding and focal adhesion pro-
teins during viral infection. These studies have identi-
fied an unknown tyrosine-phosphorylated protein that 
is localized at the site of actin tail assembly and is 
essential for actin tail formation. We are currently in 
the process of identifying this unknown protein as well 
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Figure 1 

The figure shows the actin cytoskeleton 
of a HeLa cell 8 hours after infection with 
vaccinia virus. All actin stress fibres 
have disappeared and numerous actin 
tails have been induced"by the virus. 

as examining the role of tyrosine phosphorylation dur-
ing viral infection. 

In vitro assays to study actin-membrane 
interactions 

Our understanding of interactions between the actin 
cytoskeleton and membranes at the molecular level, an 
interface essential for cell motility, is rudimentary. 
Invitro assays provide powerful systems to understand 
and dissect cellular processes and have been particu-
larly useful in the elucidation of Listeria actin-based 
motility (Welch et al., 1997). We have developed an in 
vitro motility assay using Xenopus egg extracts to exam-
ine actin-membrane interactions. We have shown that 
the Rho family GTPase Cdc42 is required for mem-
brane dependent actin polymerization in vitro. We are 
currently in the process of identifying downstream 
effectors of Cdc42 required for membrane induced 
actin polymerization. 

Characterization of vaccinia and mammalian 
kelch proteins 

Kelch was first identified in Drosophila as a protein that 
is associated with actin-rich ring canals (Xue and 
Cooley, 1993). Subsequently, the actin-bundling protein 
scruin was shown to contain two copies of the kelch 
repeat domain (Way et al., 1995), one of which has been 
shown to contain an actin binding site (Sun et al., 1997). 
We are interested in this new emerging family of pro-
teins as potential cytoskeletal proteins. The vaccinia 
virus genome contains three kelch-like proteins, A55R, 

F3L and C2L. We are currently characterizing the role 
of A55R, which shows the greatest sequence homology 
to kelch, during viral infection by two methods: the 
generation of recombinant virus strains lacking the 
A55R gene, as well as raising specific antibodies 
against the protein to facilitate its localization. In addi-
tion, we have cloned two new mouse kelch genes and 
are currently in the process of characterizing their cel-
lular role. 
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Molecular mechanisms of intracellular transport in 
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Assistant: A. Giner 

Transport between organelles of the biosynthetic and 
endocytic pathway occurs with high fidelity and is 
mediated by the budding and fusion of membrane car-
riers with their target compartments. Besides mole-
cules that mediate the docking and fusion between 
membranes, the cytoskeleton plays an important role 
in the control of cytoplasmic membrane traffic as well 
as cell morphogenesis. To address the mechanisms 
underlying intracellular traffic, our group has focused 
on the regulation of transport in the early endocytic 
pathway. We are interested in the molecular events 
mediating membrane docking and fusion and how 
membrane-cytoskeleton interactions govern the spatial 
distribution and the function of endocytic organelles. 

To dissect these mechanisms at the molecular level, we 
have been studying the Rab family of small GTPases. 
Rab GTPases are an established element of the mem-
brane transport machinery. We have identified and 
characterized several Rab proteins expressed in mam-
malian cells and in yeast, demonstrated their associa-
tion with specific intracellular compartments, and 
explored their role in distinct steps of intracellular 
transport. This year we made progress towards the 
identification and functional characterization of effec-
tors for the small GTPase Rab5 in endocytic membrane 
docking and fusion. 

However, the activity of Rab5 is not restricted to endo-
some docking and fusion. Recent data from our labo-
ratory indicate that the small GTPase Rab5 also partic-
ipates in the regulation of microtubule-dependent 
endosome motility. Another layer of regulation is pro-
vided by RhoD, a novel member of the Rho family of 
small GTPases, which has a dual role in the organiza-
tion of the actin cytoskeleton and in early endosome 
dynamics. Membrane-cytoskeleton interactions are 

likely to regulate the sorting properties of the endocyt-
ic organelles. Novel assays have been developed to 
study how internalised cargo proteins are transported 
from the endosomes back to the plasma membrane. 
This function contributes to the generation and main-
tenance of cell polarity in epithelial cells. 

Polarized epithelial cells require distinct apical and 
basolateral exocytic and endocytic transport pathways 
and an additional transcytotic route to link the two 
plasma membrane domains. Recent data suggest that 
part of these transport machineries may already exist 
in non-polarized cells. We believe, however, that com-
pared to non-polarized cells, polarized cells require 
additional regulatory components. We were able to 
demonstrate that Rab17, which in the developing kid-
ney is induced upon conversion of non-polarised mes-
enchymal cells into polarised epithelial cells, regulates 
traffic through the apical recycling endosome, suggest-
ing a function in polarized sorting in epithelial cells. 

Rab5 effectors in endosome fusion 
(S. Christoforidis, H. Gournier, H. Horiuchi, R. Lippe, 
M. Miaczynska, H. McBride, M. Rubino, V. Rybin, G. 
Vitale.) 

Rab5 plays a dual role in controlling both the fusion of 
clathrin-coated vesicles with the early endosomes and 
the homotypic fusion between early endosomes 
(Gorvel et al., 1991; Bucci et al., 1992). We have recently 
established that GTP hydrolysis by Rab5 is neither 
required for, nor coupled to, membrane fusion (Rybin 
et al., 1996). In our model, GTP hydrolysis by Rab5 
would act as a timer that determines the frequency of 
membrane docking/fusion events in the early endo-
cytic pathway. The 100 kD cytosolic protein Rabaptin-
5 acts as a Rab5 effector. Rabaptin-5 is recruited by 
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Rab5 on the endosome membrane in a GTP-dependent 
manner and modifies the nucleotide cycle by stabiliz-
ing Rab5 in the nucleotide triphosphate form. 
Immuno-depletion of Rabaptin-5 from cytosol strongly 
inhibits Rab5-dependent early endosome fusion. 
Rabaptin-5 contains heptad repeats characteristic of 
coiled coil domains. Consistent with the dimerization 
properties of coiled coil proteins, a combination of bio-
chemical data and yeast two-hybrid system analysis 
indicates that Rabaptm-5 exists as a dimer. 
Chromatographic fractionation of cytosol and 
immunoprecipitation experiments indicate that 
Rabaptin-5 is complexed to another 60 kDa cytosolic 
protein. Immunodepletion of Rabaptin-5 from cytosol 
inhibits early endosome fusion in vitro. Fusion activity 
cannot be rescued by adding recombinant Rabaptin-5 
alone, whereas the addition of purified Rabaptin-5-p60 
complex not only restores but also potently stimulates 
the fusion reaction. This indicates that the complex is 
essential for endocytic membrane fusion. We cloned 
p60 and showed that it shares high sequence homolo-
gy with Vps9p, a protein implicated in endocytic traf-
fic in yeast, and acts as a specific GDP / GTP exchange 
factor for Rab5. We therefore name this protein Rabex-
5. Our results suggest a mechanism by which the 
Rabaptin-5-Rabex-5 complex directly couples 
nucleotide exchange to effector recruitment and func-
tion. Where recruited, the complex would locally mod-
ify the GTP cycle of Rab5 by stabilising the protein in 
the GTP-bound conformation. 

We have mapped the Rab5-binding site to the C-termi-
nal 73 amino acid residues of Rabaptin-5 and shown 
that this region of the protein is both necessary and suf-
ficient for Rab5-dependent recruitment on endosomes. 
We have uncovered the presence of a Rab binding 
domain at the N-terminus of Rabaptin-5 which medi-
ates the interaction with Rab4. Given that Rab4 has 
been implicated in recycling from early endosomes to 
the cell surface, our data suggest that Rabaptin-5 may 
functionally linkRab4 and Rab5 to co-ordinate endo-
cytic and recycling traffic. 

More recently, we have identified two novel Rab5 
effectors. One is a Rabaptin-5-like molecule, Rabaptin-

Like Rabaptin-5, is recruited on the 
endosomal membrane by Rab5 in a GTP-dependent 
manner. However, the relative expression levels of the 
two proteins varies in different cell types. 
does not heterodimerize with Rabaptin-5 and forms a 
distinct complex with Rabex-5. Maximal early endo-
some fusion activity requires the presence of both 
Rabaptin-5 and complexes, suggesting 
that the two molecules cooperate for optimal endocyt-
ic membrane docking and fusion. We have used an 
affinity chromatography method based on recombi-
nent Rab5:GTP immobilized on beads to search for 
new Rab5 effectors. This strategy resulted in the iden-
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tification of several Rab5-interacting molecules. In col-
laboration with Anne Simonsen and Harald Stenmark 
(Oslo), among them we identified a second effector, 
EEAl. EEA1 is a 162 kDa predominantly -helical pro-
tein peripherally associated with early endosomes. The 
N- and C-terminal. regions of the molecule contain 
sequences predicted to form zinc fingers. The binding 
to early endosomes is mediated by the C-terminal zinc 
finger. Interestingly, previous studies have shown that 
EEA1 is rapidly released from the endosome mem-
brane in response to wortmannin, an inhibitor of phos-
phatidylinosito13-kinase (PI3-kinase). Early endosome 
fusion is inhibited by wortmannin, indicating a 
requirement for PI3-kinase activity, and excess of 
Rab5:GTP rescues the fusion activity. EEA1 is a novel 
Rab5 effector which is required for homotypic early 
endosome fusion. The membrane association of EEA1 
has been shown to require Rab5:GTP as well as PI3-
kinase activity, and excess Rab5:GTP stabilises the 
membrane association of EEA1 even when PI3-kinase 
is inhibited. The identification of EEA1 as a direct Rab5 
effector provides a molecular link between PI3-kinase 
and Rab5. Moreover, the observation that EEA1 is 
restricted to early endosomes suggests that this mole-
cule may confer specificity and vectoriality in endocyt-
ic membrane transport. We are currently investigating 
the role of the Rabaptin-5 complexes, EEA1 and the 
other effectors in endocytic membrane docking and 
fusion and their functional interactions with SNARE 
complexes involved in this process. 

Regulation of endosome motility 
(S. Christoforidis, C. Murphy, E. Nielsen, 
B. S6nnichsen) 

Time lapse video microscopy studies have indicated 
that endocytic organelles are very dynamic and move 
within the cytoplasm along linear tracks, i.e. the actin 
and tubulin cystokeleton. One of the questions we are 
addressing is that of the mechanisms underlying the 
regulation of motility of the early endocytic organelles. 
We have previously identified a new member of the 
Rho protein family, RhoD, and shown that it plays an 
important role in the regulation of early endosome 
dynamics. When overexpressed in BHK cells, 
RhoDG26V, a mutant defective in GTP hydrolysis, 
induced fragmentation of the enlarged endosomes 
induced by activated Rab5 (Rab5Q79L). By time-lapse 
video microscopy analysis we found that the RhoD 
mutant exerts these effects by inhibiting endosome 
motility. In collaboration with Rainer Saffrich, Wilhelm 
Ansorge and Jean-Christophe Olivo, we have investi-
gated the effect of RhoDV26G on in vivo endosome 
motility in the absence of coexpressed Rab5aQ79L. Time 
lapse video microscopy was carried out on cells 
expressing the human transferrin receptor alone or 
coexpressing RhoDV26G, and following rhodamine 
transferrin uptake, endosome motility was recorded. 
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The motility of endosomes is comprised of both short 
and long-range movements. Statistical analysis of the 
speed and displacement (total distance covered by the 
endosomes) was performed using a tracking program 
designed by Jean-Christophe Olivo. In the presence of 
RhoDV26G, both the endosome speed and displacement 
were reduced. Furthermore, both long and short range 
movements were decreased. 

To investigate the function of RhoD in vivo we have 
generated transgenic mice expressing RhoDV26G in the 
skin using the K14 promoter. We have obtained 
founder mice and are now analysing the first genera-
tion for transgene transmission. The mice will be test-
ed for expression of the trans gene, also for morpholog-
ical alterations in the skin and will be challanged with 
response to wound healing, a process known to 
involve Rho proteins. We have also generated 
inducible cell lines expressing the RhoDV26G protein 
and are analysing the role of the protein in migration, 
invasion and tumorigenicity. 

It is likely that RhoD function depends on the 
cytoskeleton and, given its effect on actin organisation, 
actin remains one obvious candidate. We have been 
searching for RhoD specific effectors by the yeast two-
hybrid system and by affinity chromatography. 

To study endosome motility, we developed various 
assays which recapitulate this process in vitro and 
which are amenable to biochemical manipulation, e.g. 
which can be used to address the function of RhoD and 
its effector molecules as well as to identify other mole-
cules involved in this process. Conditions were estab-
lished to measure endosome motility either in SLO-
permeabilised cells or following the movement of puri-
fied endosomes along microtubules in vitro in collabo-
ration with F. Severin and T. Hyman. Using the latter 
assay, we found that movement is cytosol- and ATP-
dependent and is inhibited by Rab GDI at a concentra-
tion which removes Rab proteins from the membrane. 
In contrast, addition of Rab5 stimulates endosome 
motility, indicating that this GTPase couples endosome 
docking and fusion with movement along the tubulin 
cytoskeleton. The discovery of novel Rab5 interacting 
proteins raises the possibility that one or more of these 
factors could either correspond to microtubule motors 
or regulate this activity. 

Sequential action of Rab proteins along the 
endocytic pathway 
(S. De Renzis, E. Nielsen, B. Sonnichsen). 

The organization of the endocytic pathway of eukary-
otic cells remains a subject of intense study. It is known 
that endocytosed receptors such as transferrin receptor 
(TR) reach the early endosomes and are sorted back to 
the plasma membrane, passing through a highly-tubu-

lated recycling compartment in the peri-nuclear 
region. Whether the recycling endosome is continuous 
with the sorting endosome is not yet clear and the 
function of this compartment is also unknown. 

To address the molecular machinery that controls sort- I 
ing in the endocytic pathway, we have investigated the 
distribution of various Rab proteins along the pathway. 
We found that Rabll is enriched in the recycling endo-
some and regulates trafficking through this compart-
ment. The identification of Rabll as a regulatory factor 
of recycling should help trace the boundaries between 
sorting and recycling endosomes and elucidate how 
trafficking in the recycling pathway is regulated at the 
molecular level. To study this process, conditions were 
established to measure the recycling of transferrin 
from early and recycling endosomes to the cell surface 
in SLO-permeabilised cells. Stable cell lines have been 
obtained which express GFP-tagged versions of Rab 
proteins (Rab4, Rab5, Rabll) with the intent to visual-
ize the structures which mediate sorting of cargo along 
the endocytic and recycling pathway and to elucidate 
the role of Rab proteins in this process. 

Rab proteins in polarized epithelial cells 
(P. Zacchi, C. Murphy, A. Giner) 

Membrane traffic in polarized epithelial cells is 
thought to be regulated by distinct apical and basolat-
eral machineries. For example, in MDCK cells, apical 
early endosomes can fuse with each other in vitro but 
not with basolateral endosomes. Recent studies, how-
ever, have shown that apical and basolateral endo-
somes are functionally interconnected and receptors 
internalized from the basolateral membrane enter into 
basolateral endosomes and then accumulate in a high-
ly-tubulated endosome underneath the apical plasma 
membrane (Apodaca et al., 1994; Barroso and Sztul, 
1994; Odorizzi et al., 1996). This compartment is impli-
cated in receptor-mediated transcytosis and recycling 
and perhaps corresponds to the perinuclear recycling 
endosome of non-polarized cells. 

The factors which control endocytic trafficking in 
epithelial cells are unknown. Rab17 is such a candidate 
since it is specifically expressed in polarized cells. In 
the developing kidney, Rab17 is absent from the mes-
enchymal precursors but is induced upon their differ-
entiation into polarized epithelial cells. In the kidney, 
the protein is associated with apical endocytic tubules, 
structures which are implicated in apical recycling and 
transcytosis. When expressed in non-polarized BHK 
cells, Rab17 is localized to the peri-nuclear recycling 
endosome. In polarized Eph4 cells, rab17 associated 
with the apical recycling endosome which has been 
implicated in recycling and transcytosis. The localisa-
tion of rab17, therefore, strengthens the proposed 
homology between this compartment and the recy-
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cling endosome of non-polarized cells. Basolateral-to-
apical transport of two membrane-bound markers, the 
transferrin receptor and the FcLR 5-27 chimeric recep-
tor, was specifically increased in Eph4 cells expressing 
rab17 mutants defective in either GTP binding or 
hydrolysis. This effect appears to be due to a stimula-
tion of apical recycling. These results support a role for 
rab17 in regulating traffic through the apical recycling 
endosome, suggesting that the induction of the protein 
during epithelial cell comrersion may modify the traf-
ficking properties of the recycling endosome in order 
to sustain polarized sorting. 

Generation of cell polarity involves the concerted 
action of a number of factors involved in the regulation 
of cytoskeleton organization and membrane traffick-
ing. To search for putative molecules implicated in the 
generation of cell polarity, we carried out a small scale 
differential screening hybridization to identify tran-
scripts induced during the conversion of non-polar-
ized kidney mesenchymal cells into polarized epithe-
lial cells. This project has been carried out in collabora-
tion with E. Lehtonen (Helsinki). We identified a novel 
mRNA transcript, B102, which is induced during mes-
enchyme differentiation. Nucleotide and deduced 
amino acid sequence indicate that B102 is a novel 
cytosolic protein that shares sequence similarity with 
other proteins containing the SH3 consensus motif. 
Immunofluorescence microscopy studies indicate that 
a fraction of B102 is associated with the plasma mem-
brane. Work in progress aims at studying the function 
of the B102 protein. 
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Centrosomes and microtubule dynamics 

Staff Scientist: D. Chretien 

Objectives 

Microtubules are polymers of the tubulin molecule 
present in almost all eukaryotic cells. They are involved 
in diverse functions including cell trafficking and com-
partmentalization, chromosome separation during 
mitosis and cell motility. Their action is mediated by a 
variety of proteins collectively called MAPs 
(Microtubule Associated Proteins). One important 
property of microtubules is their particular dynamic 
behavior called "dynamic instability": micro tubules in 
cells or assembled in vitro from pure tubulin alternate 
stochastically between states of growth and shrinkage. 
This behavior is of fundamental importance during the 
reorganization of the microtubule cytoskeleton that 
takes place during mitosis. It is also an efficient mecha-
nism for finding targets dispersed in the cytoplasm. 
Although studied for 13 years, the molecular bases of 
dynamic instability are still unknown. My aim is to 
understand the mechanisms underlying this instability, 
starting from microtubules assembled from pure tubu-
lin to microtubules in the cell. For this purpose, I am 
investigating the conformational changes that the tubu-
lin molecule undergoes during assembly and disas-
sembly in great detail. This includes a precise descrip-
tion of the structure of microtubules, how the tubulin 
molecule uses the energy available from GTP-hydroly-
sis, and how these events are regulated by external fac-
tors such as MAPs. This project is of particular interest 
today because the high-resolution structure of tubulin 
has just been solved in the group of K. Downing 
(Lawrence Berkeley National Laboratory, Berkeley). 

Current research 

My research is based on a multidisciplinary approach 
which includes close collaborations with cell biologists, 
structural biologists, and theoretical physicists. In col-
laboration with E. Karsenti (Cell Biology and Cell 
Biophysics) and S.D. Fuller (Structural Biology), we 

have investigated the mechanisms of microtubule 
assembly from isolated centrosomes (Chretien et al., 
1995). This study involved complementary methods of 
cryo-electron microscopy, video-light microscopy, and 
computer modeling. We were able to show that tubulin 
molecules assemble into 20 sheets that later close to 
form the microtubule wall. The length of the sheets 
was found to increase with the microtubule growth 
rate, suggesting a stabilizing role for these structures. 
During the last few years, I have been collaborating 
with the theoretical physicists I. Janosi (Eotvos 
University, Budapest) and H. Flyvbjerg (Niels Bohr 
Institute, Copenhagen) to interpret the structures 
observed by cryo-electron microscopy in terms of their 
elastic properties (Chretien et ai., 1998; Janosi et al., 
1998). The model we have developed can account for 
the all the structures observed during assembly and 
disassembly (see Figure 1). One important conse-
quence of these studies is the prediction that the 
curved sheets present at the ends of growing micro-
tubules must be less strained than the microtubule 
wall, and thus could act as capping structures even if 
they are entirely composed of GDP-liganded tubulin 
molecules. Other studies concerned the mechanism by 
which GTP-hydrolysis destabilizes microtubules (in 
collaboration with A.A. Hyman, Cell Biology; Miiller-
Reichert et ai., 1998), the conformational changes of the 
centrosome during its duplication cycle (in collabora-
tion with E. Karsenti and S.D. Fuller; Chetien et al., 
1997), and the relationship between tubulin shape and 
microtubule polarity (in collaboration with R.H. Wade, 
IBS, Grenoble, and H. So sa, Scripps Research Institute, 
La Jolla; Chretien et ai., 1996; Sosa & Chretien, 1998). I 
am currently working on lattice defects that may be 
involved in the dynamic behavior of microtubules. 

Future plans 

In collaboration with the theoretical physicists, we plan 
to evaluate our model and fit it to parameters derived 
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from experiments. I will also try to determine whether 
the curved sheets present at the end of growing micro-
tubules are made of GTP- or GDP-liganded tubulin 
molecules. The conformational changes that tubulin 
undergoes upon GTP-hydrolysis will be investigated 
by performing 3D reconstructions of micro tubules 
assembled from GDP- and GMPCPP-liganded tubulin 
molecules (in collaboration with AA Hyman, Cell 
Biology, and A Hoenger, Structural Biology). I also 
wish to visualize by cryo!'electron microscopy the actin 
tails that move vesicles in Xenopus egg extracts under 
specific conditions (in collaboration with M. Way, Cell 
Biology), and Drosophila centrosomes (in collaboration 
with C. Gonzalez, Cell Biology), with the aim of per-
forming 3D reconstructions of these large organelles 
using electron tomography. 

Publication during the year 

Chretien, D., Buendia, B., Fuller, S.D. & Karsenti, E. 
(1997). Reconstruction of the centrosome cycle from 
cryoelectron micrographs. J. Struct. Biol., 120, 117-133 

Other references 

Chretien, D., H. Flyvbjerg & Fuller, S.D. (1998). Limited 
flexibility of the inter-proto filament bonds in micro-
tubules assembled from pure tubulin. Eur. Biophys. J., 
27,490-500 

Chretien, D., S. D. Fuller & Karsenti, E. (1995). 
Structure of microtubule ends: two-dimensional sheets 
close into tubes at variable rates. J. Cell Biol., 129, 1311-
1328 

Chretien, D., Kenney, J.M., Fuller, S.D. & Wade, R.H. 
(1996). Determination of microtubule polarity by cryo-
electron microscopy. Structure, 4, 1031-1040 

Janosi, 1., Chretien, D. & Flyvberg, H. (1998). Modeling 
elastic properties of microtubule tips and walls. (sub-
mitted) 

Muller-Reichert, T., Chretien, D., Severin, F & Hyman, 
AA (1998). Structural changes at microtubule ends 
accompanying GTP-hydrolysis: information from a 
slowly hydrolyzable analogue of GTP, GMPCPP. Proc. 
Natl. Acad. Sci. USA, 95, 3661-3666 

Sosa, H. & Chretien, D. (1998). Relationship between 
moire patterns, tubulin shape and microtubule polari-
ty. Cell Mot. Cytoskeleton (in press) 
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Figure 1 

Cryo-electron microscope image of the extremity of a grow-
ing microtubule (left), and model (right). All the protofila-
ments have the same intrinsic longitudinal curvature simi-
lar to that found at the end of depolymerizing micro tubules. 
The decrease in curvature from the extremity of the sheet 
(top) to the microtubule body (bottom) reflects a gradual 
increase in the protofilament number. 



Cell polarity in Drosophila 

Staff Scientist: S. Eaton 

Postdoctoral fellow: F. Feguin 

Predoctoral fellow: M. Hannus 

An area of converging interest for both cell and devel-
opmental biologists is the study of how the generation 
of cellular asymmetry contributes to the elaboration of 
developmental programs. Our lab uses both cell bio-
logical and genetic approaches to study this question 
in Drosophila melanogaster. The current projects in the 
lab are: 

Control of planar polarization in the 
Drosophila wing epithelium 

Epithelial cells in tissues can be polarized along two 
axes-the apical-basal axis,and an axis parallel to the 
plane of the epithelium. Planar polarization is critical 
for the ability of epithelial cells to form well-organized 
tissues (see Eaton, 1997). For example, the ciliated 
epithelial cells in the oviduct coordinate ciliary beating 
to allow directional transport of the egg towards the 
uterus. Each cell must sense an "upstream-down-
stream" axis in the plane of the epithelium and polar-
ize its cellular architecture to construct appropriately 
oriented cilia. In Drosophila, planar polarity is apparent 
in the epithelial cells that secrete the hairs and bristles. 
Hairs and bristles all point posteriorly in the body and 
distally in the appendages. The wing of Drosophila is a 
particularly good model system in which to study pla-
nar polarity because it can be cultured in vitro and is 
accessible to microscopy. Thus, both cell biological and 
genetic techniques can be applied to the problem. 

During pupal development, each wing epithelial cell 
initiates an apical membrane outgrowth that leads to 
the formation of a distally pointing wing hair. This 
process depends on intercellular signaling, determin-
ing the axis of polarity, and the translation of this sig-
nal into polarized hair outgrowth. Hair outgrowth 
involves polarization of both the actin and microtubule 
cytoskeletons, and polarization of membrane transport 
(Eaton et al., 1996). However, classical genetic analysis 

Cell Biology Programme 

has failed to identify genes whose protein products are 
directly involved in regulating these events. One 
explanation is that such proteins are required for a 
variety of cellular events, and mutated forms cause 
lethality before wing development reaches a stage 
where their role in planar polarization can be deter-
mined. Thus to identify the regulators of cytoskeletal 
and membrane polarity, an alternative genetic 
approach may be necessary. We identified two proteins 
that control the polarity of actin polymerization during 
hair formation, the small GTPases Cdc42 and Rac1, by 
overexpressing dominant negative versions of these 
proteins in a limited subset of cells, thus avoiding the 
lethality that would result from generalized expression 
or mutation. Using a similar strategy, we have now 
identified 17 additional genes whose overexpression in 
the wing causes defects in hair polarity. We hope that 
analyzing their function will provide links between the 
signaling process that determines the proximal-distal 
axis of the wing and the resulting polarization of cellu-
lar architecture. 

Characterization of Drosophila raft lipid 
microdomains and their role in signaling by 
the Hedgehog protein 

This project is being carried out in collaboration with 
Kai Simons' lab. One problem of importance for cell 
and developmental biologists is how proteins that pat-
tern developing tissues move within and between 
cells, and how the regulation of this traffic contributes 
to the activity and distribution of morphogens. It has 
recently been proposed that the formation of raft lipid 
microdomains contributes to the localization of mem-
brane proteins in vertebrate cells. The raft model is 
based on the idea that different lipids are not homoge-
neously distributed within membranes, but rather that 
phase separation results in the formation of cholesterol 
and sphingolipid-enriched micro domains called rafts. 
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Some membrane proteins are thought to be localized to 
particular regions of the cell via their affinity for the 
raft lipid environment, although the mechanisms that 
control the movements of rafts within the cell are 
unknown. Until now, raft function has mainly been 
addressed in tissue culture cells. We have begun to 
study rafts in Drosophila in the hope that genetic 
approaches will help to identify molecules involved in 
raft function, and in order to examine the role of raft-
mediated protein loca;ization in developmental 
processes in vivo. 

We have begun by showing that, despite chemical dif-
ferences between the lipids of Drosophila and mam-
mals, Drosophila membranes contain raft-like micro-
domains with analogous lipid and protein composi-
tion. We have constructed transgenic flies harboring a 
Green Fluorescent Protein that associates with raft 
membranes via glycophosphatidylinositol and plan to 
use these flies to screen for genes required for raft-
mediated localization. 

To examine the role of raft-mediated protein localiza-
tion during development, we are focusing on signal 
transduction by the Hedgehog protein. Signaling by 
the Hedgehog family of proteins is important for pat-
terning a wide variety of tissues in both vertebrates 
and invertebrates. Hedgehog associates with mem-
branes via covalent linkage to cholesterol, and we have 
shown that Hedgehog has a specific affinity for raft 
membranes. We are presently examining the role of 
rafts in the intracellular localization of Hedgehog and 
in its ability to interact with its receptor complex. 

Publication during the year 

Eaton, S. (1997). Planar Polarization of Drosophila and 
vertebrate epithelia. Curro Opin. Cell Biol., 9, 860-866 

Other references 

Eaton,S., Wepf, R., & Simons, K. (1996). Roles for Rac1 
and Cdc42 in planar polarization and hair outgrowth 
in the wing of Drosophila. J. Cell Biol., 135, 1277-1289 
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CELL BIOPHYSICS PROGRAMME 

This year has been a transition period for the Cell Biophysics programme, during which the opening of a new line 
of research involving collaborations between biologists and physicists has been explored. Stan Leibler, a physicist 
from Princeton, has joined the Laboratory with several members of his group for a one-year sabbatical. They have 
initiated work on the robustness of chromosome segregation in Yeast, on the in vivo construction of artificial regu-
latory networks in bacteria, and continued modelisation and experimental work on the self organisation of micro-
tubule-motors mixtures. Such research avenues will be pursued in the new Cell Biology and Biophysics Programme 
in the future. We believe that a strong Programme combining groups working on the quantitative analysis of bio-
logical processes and on the development of new microtechniques and groups working on the molecular analysis 
of cell dynamics and organisation should fare very well at EMBL. 

Meanwhile, the development of sophisticated microscopes has continued. The Electron Microscopy Development 
Group, under the direction of Max Haider, terminated its activities in July 1997 after having brought the work on 
the aberration corrected lenses, financed by the VW foundation, to a successful end. 

The collaboration effort between the Advanced Light Microscopy Group and Zeiss led to the commercialisation of 
the new LSM 510 microscope: an optimised confocal microscope for fluorescence microscopy. Work has continued 
on the improvement of this microscope at EMBL. This experimental version has been used to study Golgi dynam-
ics using GFP labelled constructs in collaboration with Tommy Nilsson in the Cell Biology Programme. Single lens 
Theta Microscopy was developed and the usefulness of this technique to observe biological samples has been 
demonstrated. The European BioImage Database project, funded by the European Union, has progressed extreme-
ly well and a first prototype of the database is now available to a restricted number of registered users. This project 
will have a significant impact in many fields of structural and cell biology. 

The Scanning Probe Techniques Group has concentrated efforts on the application of Scanning Tunnelling and 
Atomic Force Microscopy to the observation of biological samples. Collaborations with biologists, both inside and 
outside the EMBL, permitted the investigation of several interesting biological questions. Developed in collabora-
tion with the Advanced Light Microscopy Group, the photonic force microscope, a new kind of scanning probe 
microscopy based on optical tweezers and two-photon absorption processes, has proved to be a new tool for the 
imaging of biological samples. This instrument provides high axial resolution and overcomes the geometrical 
restrictions of conventional scanning probe microscopes. 

The Microcomputing and Data Acquisition group has continued its activities in the development of electronics for 
time-resolved Synchrotron Radiation experiments and concentrated particularly on the construction and debugging 
(hardware/software) of the fast wire-per-wire detector. The development of a method to detect and track multiple 
moving biological objects in image sequences acquired by video microscopy was refined and now produces reliable 
quantitative information. The new software has been successfully used for several in-house projects and also in a 
collaboration with the Pasteur Institute. Work on the use of microstructure technology for biological applications 
was started as a common effort between the three groups of Cell Biophysics. 
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Microcomputing and data acquisition 

Group Leader: C. Boulin 

Staff Scientist: J.-c. Olivo 

Postdoctoral fellow: D. Banks* 

Predoctoral fellow: o. Selchow* 

Visitors: P. Baumlin, A. Proutiere*, O. Jerphagnon*, S. Hirtz* 

Engineers: A. Epstein, F. Briquet-Laugier, S. Sheldon 

The Microcomputing and Data Acquisition Group car-
ries out research and engineering. Its activities range 
from detection and analog front-end design to applica-
tion software development. This work is carried out by 
scientists and engineers with the help of trainees from 
engineering schools. The 1997 activities of our group 
were focused on three areas: a) the development of 
electronics and detection systems for time-resolved 
synchrotron radiation (SR) experiments, b) fast digital 
multi-processor architectures for data acquisition and 
potential applications in biocomputing and c) develop-
ment of image processing methods for biological 
images and the automated analysis of video-
microscopy time series. 

These projects have mainly been carried out in collab-
oration with the Structural Biology Programme, the 
Outstations in Grenoble and Hamburg and the Cell 
Biology Programme. 

Recently, we have moved in a new direction, more bio-
logically oriented, with the "MiniLabs project" -or the 
use of microstructure techniques-which started with 
the arrival of one pre-doctoral and one post-doctoral 
fellow. Due to its novel and multidisciplinary nature, 
this project will necessarily involve the efforts of sever-
al groups both within EMBL (E. Stelzer, H. Harber, P. 
Becker from Gene Expression), and outside. 

Data Acquisition for Synchrotron Radiation 

A linear wire-per-wire detector was developed to 
achieve very high counting rates. These are the only 
devices that can be used to perform accurate dynamic 
studies in the range of the millisecond. They are equi-
valent to a linear arrangement of individual detectors, 
each having its own preamplifier-discriminator and 
counting electronics. The main limitation of these 
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detectors is that the spatial resolution is typically in the 
order of 1 mm. However, one can partly compensate 
for this by increasing the sample to detector distance. 

This detector was developed in collaboration with A. 
Gabriel from the Grenoble Outstation. At present it 
uses a wire spacing of 1 mm mainly to avoid stability 
and break-down problems. The present detector is 
equipped with 200 wires. We will most probably be 
able to go to 0.7 mm spacing in the future, as the pres-
ent tests have proved that the overall design and con-
struction shows good stability. 

The analog front-end electronics 

Several commercially available ASICs (preamplifiers, 
with and without discriminators) were tested (shaping 
time, noise, stability, etc.) before we started to design 
the front-end electronics. We built the front-end mod-
ules around an 8-channel version of the MICA 2 pro-
duced by Smart Silicon Systems (Lausanne, 
Switzerland). Boards with eight channels, including 
differential drivers for the stable transmission of the 
fast discriminated pulses to the counter level of the 
data acquisition system, were designed using mostly 
surface-mounted components. The detector was there-
fore equipped with 25 identical boards directly mount-
ed on the detector housing to maintain a good signal-
to-noise ratio and to avoid external pick-up by the 
front-end elements. 

The digital acquisition part 

The main architectural design considerations were 
imposed by the usual experimental set-ups at SR 
beam-lines. The detector is located in a remote location 
00 to 20 m) where access is strictly controlled for obvi-
ous safety reasons. Consequently, the most important 



part of the digital data acquisition had to be located 
close to the detector itself, and communication with the 
remote computing equipment and user interface was 
implemented via a high-speed optical link. 

The global architecture is as follows: 

a fully parallel digital system including 200 
counting channels and the necessary histogram 
ming and time distributed over 
seven modules; 

a crate controller as the master of the parallel 
system; 
one communication card to provide the optical 
interface; 
a CAMAC module serving as a controller of the 
other end of the optical link and as an interface 
to the host PC on which the user interface resides. 

Although a hardwired solution for the system could 
have been designed, we preferred the more flexible 
approach of a system based around a Reduced 
Instruction Set Controller (RISC). As the basis of our 
development we designed a small (3"x4") but power-
ful RISC Plug-in module around the R3000 family with 
up to 2 MB of fast static RAM, EPROM, serial ports, 
multi-function programmable counter/timer and a 32-
bit wide input/output path working at 40 MB/s. To 
achieve a compact layout we used Surface Mount 
Technology combined with the use of powerful pro-

Figure 1 

The fast wire per wire detector, and its ana-
log to digital front-end electronics 

Cell Biophysics Programme 

grammable logic devices (AMD Machs) to implement 
the bus control state machine and the interrupt logic. 
The memory and input-output address maps were 
compatible with the available hardware and software 
development tools, so we were able to run the lOT / sim 
PROM Debug monitor on the plug-in board. 

The acquisition board consists of an in-circuit pro-
grammable front-end, the RISC plug-in, and the bus 
interface logic. The counter front-end can be config-
ured either as 16-channel (20-bit deep) or 32-channel 
(lO-bit) counters and associated shadow registers. The 
bus interface was based on the use of a dual-ported 
memory (DPR), with one port mapped in the RISC 
address space and the other in the crate controller 
space. All transactions are interrupt driven. The soft-
ware was written in the form of assembly language 
coded interrupt handlers in order to comply with 
speed constraints. 

The crate controller was implemented as an RISC plug-
in associated with a back-plane interface configured as 
a bus-master. The commands are transmitted via the 
optical communication board. Transfers between the 
host and the acquisition boards are all handled by the 
crate controller. 

The front-end acquisition system also contains a 
Digital to Analog converter board. This was required in 
order to set the threshold of the front-end discrimina-
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tors to ensure a homogeneous response of the detector 
elements. 

The optical link interface card is organised around an 
on-board state machine which handles the byte-wide 
data and command packing and unpacking. The two 
independent receive-and-transmit optical fibres are 
controlled by a Cypress HotLink chip interfaced to 
large FIFO memories which act as traffic buffers. 

The CAMAC interface consists of an RISC plug-in 
board, the optical link interface and a 16 bit-wide DPR, 
which is used as a mailbox from the CAMAC side. The 
interface was designed to be able to handle both inter-
rupt or polling driven transactions. 

At present, most of the hardware has been built and 
debugged. Software for the time-critical components is 
being tested and fulfils initial requirements. Further 
software development is planned: to write well 
defined software primitives that will allow easy inte-
gration with the currently available software packages 
used for time-resolved experiments. 

Image processing 

Automatic detection and tracking of moving biological 
objects in video microscopy sequences. We have refined 
our previously-developed method to detect and track 
multiple moving biological objects in images acquired 
by video microscopy. Automatic detection is based 
upon either the correlation of the image with a filter 
which varies adaptatively to represent an object as it 
moves and deforms or the use of mathematical mor-
phology operators. Tracking is performed using a 
Kalman filter and a cost function, which enable the 
position of the moving objects to be predicted, refined 
and updated. During the tracking phase, the program 
now enables us to take into account the geometry and 
the dynamic properties of moving objects. In particular 
it is possible to define parameters like the maximum 
angle between two points, the minimum instantaneous 
speed or the degree of track linearity. Similarly, an 
optional refinement exists to link "broken" parts of tra-
jectories together in order to define continous ones. 
The upgraded program has been successfully applied 
to a number of different biological applications like the 
analysis of phagosome movement along microtubules 
or the assessment of amoeba motility under different 
genetically engineered conditions. 

Microfabricated structures in biology 

Microfabrication has the potential to revolutionise 
chemical and biological analysis, just as it has revolu-
tionised electronics and computing. Recent develop-
ments in the production of micro-miniaturised devices 
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and structures (with dimensions in the order of 
microns) are having a growing impact in the life sci-
ences, particularly in the pharmaceuticals industry. In 
the past ten years, pioneering work at Ciba (Basel) 
under the leadership of A. Manz has been carried out 
to produce the concept of the Micro Total Analysis 
Systems (p-TAS). The basic concept was to integrate 
microfabricated channels for liquid handling, chemical 
reaction chambers, and detection systems, into a single 
device. 

The advantages of miniaturisation include much faster 
separation times for analysis (seconds to minutes), 
reduced sample volumes «pL), reduced reagent 
requirements, potentially easy scale-up (by operating 
many systems in parallel), and the possibility of per-
forming analysis down to the single molecule level. 
Whilst many of the more complex systems are still 
under development, some key structures-such as 
electrophoresis capillaries and nL well plates-can be 
readily produced in glass or silicon. There is a growing 
literature base regarding these microdevices and we 
have started to produce a reference database which we 
will make available over the Internet. 

A long-term goal is to develop microfabricated struc-
tures allowing biologists to address new problems 
which cannot be easily tackled by current techniques. 
These structures will have to be tailored to the needs of 
the basic research community. To be successful, such a 
development must integrate miniaturised biochemical 
reaction, separation, and detection systems. We believe 
that EMBL is the right place to develop such a project 
because of the exceptional multi-disciplinary environ-
ment that is required. 

Our first step in this interdisciplinary venture was to 
find a group interested in proposing a non-trivial prob-
lem and which was prepared to collaborate actively on 
the biological side of the project. Peter Becker (Gene 
Expression Programme) works on the extraction of 
DNA-Protein complexes from large cell populations. 
This is done using paramagnetic beads coated with 
antibodies against the protein of interest. The beads are 
incubated with the cell extracts and the target-mole-
cules are "fished" out with the help of a magnet. As a 
first step we are now endeavouring to apply and adapt 
this technique to a very small number of molecules. 

We have started to study the fishing of proteins and 
DNA-protein complexes from solutions of varying 
concentrations (down to a few molecules if possible). 
The molecules are detected by standard biochemical 
methods (Silver staining, Western blots, PC etc.). A 
change to fluorescent labelling or other detection tech-
niques is presently being considered. For efficient fish-
ing of molecules a high surface to volume ratio is 



required. Functionalized beads in restricted volumes, 
or capillary surfaces seem to provide the appropriate 
geometries to meet this condition. 

We are exploring two methods for fishing: a) with cap-
illaries filled with antibody-coated beads and b) with 
antibody-coated capillaries. The first solution looks 
very promising because it will be relatively easy to 
interact with the beads using external magnetic fields 
either to keep the beads in place or to extract the beads 
from the capillary after the experiment. However, we 
will have to pay attention to possible capillary block-
ing problems that may arise from the coated beads. 

Other potential application areas for which "single" 
cell experiments could be useful were identified: 

- lethal mutation by binding-site manipulations 
(also Peter Becker), 

- function of a germline-specific transcription factor 
(Hans Scholer's Group), 
some microinjection experiments, as this technique 
only allows for a limited number of cells (approx. 
1-10.000) (Cell Biology Programme in general). 

Publications during the year 
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Biology, Proc. Xth IEEE Real Time Conf., 3 

Capell, A, Saffrich, R, Olivo, J.C, Meyn, L., Walter, J., 
Griinberg, J., Dotti, C & Haass, C (1997). Cellular 
expression and proteolytic processing of presenilin 
proteins is developmentally regulated during neuronal 
differentiation. J. Neurochem., 69, 2432-2440 

Deubler, J. & Olivo, J.C (1997). A wavelet-based 
multiresolution method to automatically register 
images. J. Math. Imag. Vision, 7, 199-209 

Epstein, A, Baumlin, P. & Boulin, C (1997). A RISC 
based SCSI Interface for a Protein Crystallography 
Detector. Proc. Xth IEEE Real Time Conf., 333-335 

Epstein, A & Boulin, C (1997). A Fast Position 
Encoding System for Delay Line based Gas Filled Area 
Detector, Proc. Xth IEEE Real Time Conf., 325-327 

Epstein, A, D' Annunzio, E & Boulin, C (1997). A Test 
Module for Delay Line based Gas Filled Detector 

Cell Biophysics Programme 

Readout Electronics. Proc. Xth IEEE Real Time Conf., 
329-331 

Hemar, A, Olivo, J.C, Williamson, E., Saffrich, R & 
Dotti, CG. (1997). Dendroaxonal transcytosis of 
Transferrin in cultured hippocampal and sympathetic 
neurons. J. Neurosci., 17,23,9026-9034 

Nguyen Ngoc, S., Briquet-Laugier, E, Boulin, C & 
Olivo, J.C (1997). Adaptive detection for tracking mov- I 
ing biological objects in video microscopy sequences. 
IEEE Intern. Conf. Image Proc. '97, 3, 484-487 

Olivo, J.C (1997). Image processing and analysis for 
biological microscopy images. Irish Mach. Vision 
Image Proc. Conf. IMVIP'97, 242-252 

A (1997). Detection de singularites en 
imagerie biologique a I' aide de representations en 
ondelettes. Techn. Report, Ecole Nationale Superieure 
des Telecommunications, Paris, and EMBL, Cell 
Biophysics Programme 

67 



EMBL 1997 Research Reports 

Local Probe Techniques 

Group Leader: J.K.H. Harber 

Predoctoral fellows: S. Jeney, A. Pralle 

Visitors: J. Riedmann, J. Ffeund*, S. Altmann* 

Engineers: W. Offner, U. Seitz 

Local Probe Techniques (LPT) comprise a number of 
physical methods to study surfaces with resolution in 
the nanometer range and single molecules. The inter-
action between a nanometer-sized probe and a surface 
of a macromolecular structure can become quite com-
plicated in an aqueous environment with ions present, 
as it is usual for biological samples when kept under 
natural conditions. For such interactions there are still 
only macroscopic descriptions available in terms of e.g. 
hydrophobic-hydrophilic-interactions or adhesion. It is 
a challenging task to characterize these interactions at 
a molecular scale in terms of chemical binding, dipole 
interaction and by including the surrounding water 
molecules and ions into this picture. This finally also 
will help to improve LPT applications, as the prepara-
tion of the nanometer scale probes is still a major prob-
lem with the lack of knowledge about molecular inter-
actions creating a vicious circle which makes experi-
ments on the single molecule level extremely time con-
suming. 

The preparation procedure for surface modifications 
has to take into account the fact that even attomolar 
concentrations of certain molecules in solutions in con-
tact 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. Presently, 
besides instrument developments, this is still the 
essential part of the work done in the Local Probe 
Techniques Group and is also a prerequisite for the 3-D 
Scanning Probe Instrument, we are developing in col-
laboration with the group of Ernst Stelzer in a project 
where the DFG has financed the post-doctoral position 
of Ernst-Ludwig Florin. This new local probe tool, 
called Photonic Force Microscope is essential for the 
experiments Sylvia Jeney and Arnd Pralle are working 
on in collaboration with the groups of Eric Karsenti 
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and Kai Simons from the Cell Biology Programme, 
making use of new techniques developed within the 
project to characterize molecular structures. 

Photonic Force Microscope (PPM) 

Setting up the PFM provided many new possibilities in 
the measurement of molecular interactions, and the 
influence of the local environment on the probe used. 
The original idea for this instrument was to eliminate 
the mechanical AFM cantilever in order to enable 
measurements even inside cells. The probes employed 
are normally small latex beads of between 200 nm and 
1 llm diameter. Colloidal gold particles of between 20 
nm and 120 nm have also been used. 

When searching for a fast way to calibrate the spring 
constant of the optical trap we realized that the 
Brownian motion of the probe could be used. This is 
normally to be just noise at the position sensor. The 
amplitude distribution of this thermal motion is direct-
ly connected through the Boltzmann statistic to the 
trapping potential of the laser focus. This will also pro-
vide information about additional interaction poten-
tials occurring when a bead covered by kl.nesin, say, 
comes into contact with a microtubule. The binding 
potential can be determined with only a few thousand 
measuring points which can be gathered in fractions of 
a second. In this way we can analyze the changes in the 
binding potential as the motor travels along the micro-
tubule structure hydrolyzing ATP present in the solu-
tion. The experiments showed that the movement, at 
normal ATP levels, is better characterized by a gliding 
along the microtubule structure than as a stepping 
process with a real stop at each binding side. This was 
particularly apparent with single headed kinesin 
mutants. 



Another source of information is the frequency distri-
bution of the thermal movement of the bead in the 
laser trap. This frequency response is connected to the 
size of the bead and the viscosity of the solution used. 
If such a bead is covered with antibodies against a 
membrane protein and binds onto a cell surface, this 
connection is detected first in the binding potential 
change but then also in the change of the frequency 
distribution. This change reflects the difference 
between the viscosity of the medium and the viscosity 
of the membrane surrounding the protein to which the 
bead has bound. If the size of the membrane protein is 
known, the local membrane viscosity can be deter-
mined in this way. Similarly, if the membrane viscosity 
is known, then the size of the protein in the membrane 
can be determined. If this protein is part of a raft then 
the size of this structure will be determined. 

Furthermore, the PPM, with its position sensor and the 
potential for closed-loop control of the forces acting on 
the bead, can be used to study diffusion and diffusion 
barriers in cell membranes. Finally the PPM can be 
used like a conventional AFM to image the surface of 
cells. 

Figure 1 
-----------------------------, 

! ! I Schematic of a Force Microscope (FM) 
--- --------------------

Force Distance Curve of a Soft Sample under Water 

Force 

Retracting 

Piezo Movement 
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Protein adsorption 

Protein adsorption is a very important topic for many 
biomedical and biotechnological applications. For 
instance, many chromatographic separations, such as 
hydrophobic, displacement and ion-exchange chro-
matography, are based on differences in binding affini-
ties of proteins to surfaces. Also, in vitro cell cultures 
require cell-surface adhesion (Bennett and Gilligan, 
1993) which is mediated by a sublayer of adsorbed pro-
teins. 

Protein adsorption is a net result of various complex 
interactions between and within all components, 
including the solid surface, the protein, the solvent and 
any other solutes present. These interaction forces 
include dipole and induced dipole moments, hydro-
gen bond forces and electrostatic forces. All these inter-
and intramolecular forces will contribute to a decrease 
of the Gibbs energy during adsorption (Haynes and 
Norde, 1994). 

An important question for protein adsorption process-
es is the reversibility of the adsorption process. One 
approach to this question is an analysis of the time 
course of adsorption. If the adsorption is assumed to be 
a multiple step process one can ask until which step the 
proc::ess is reversible. The most common way to quanti-
fy adsorption is by means of the adsorption isotherm, 
where, at constant temperature, the amount of mole-
cules adsorbed is plotted against the steady state con-
centration of the same molecules in the bulk solution. 
Adsorption isotherms provide a convenient method 
for determining whether or not an adsorption process 
is reversible (Norde, 1992). Reversibility is commonly 
observed with adsorption of small molecules on solids, 
but only rarely in the case of more complex randolll 
coil polymers. 

Proteins are polymers but globular proteins are not 
true random coils. The native state of these proteins in 
aqueous solution is highly ordered; most of the 
polypeptide backbone has little or no rotational free-
dom. Therefore, significant denaturing processes have 
to occur to form numerous contacts with any surface. 
Norde (1986) has argued that the layer thickness of 
proteins adsorbed to solids are usually comparable to 
the dimensions of native proteins in aqueous solution. 
Structural rearrangements may occur, therefore, in a 
way that the internal stability of globular proteins pre-
vents them from completely unfolding on a surface 
into loose "loop and tail" - like structures. Thus, the 
number of protein-segment surface contacts formed at 
steady state is determined by a subtle balance between 
intermolecular and intramolecular forces. 

Therefore, the thermodynamic description of the pro-
tein adsorption process in general should be based on 
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the laws of irreversible thermodynamics. The process 
is strongly time dependent and some of the steps of 
molecular rearrangement involved are remarkably 
slow and probably lead to significant binding of pro-
teins only on the time-scale of seconds. With different 
time-scales for the various interactions taking place the 
adsorption process can be divided into fast steps, 
which can be reversible, and slow steps where protein 
structure rearrangements can occur that are deter-
mined by the surface environment. The latter process-
es can in many cases become irreversible. 

In experiments using an Atomic Force Microscope 
(AFM) the adhesion forces established by single pro-
tein A and tubulin molecules within contact times of 
one second were measured. Protein A and tubulin, 
both globular proteins, were chosen as two different 
examples of protein binding. Protein A is often used to 
bind antibodies to solid substrates and tubulin forms 
the tubular polymer structure of micro tubules as part 
of the cell cytoskeleton. The molecules are attached to 
the cantilever tip and brought into contact with differ-
ent metal surfaces. The metals chosen are gold, titani-
um and indium-tinoxid (ITO). The results demonstrat-
ed that the AFM can be used with high force resolution 
to characterize certain features of the binding process 
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of proteins. Such investigations are relevant also for 
many biomedical applications as well as in the case of 
the optical transparent ITO for the development of 
interfaces between biological molecules and electro-
optical devices. 

Imaging of single stereocilia of living 
mammalian hair cells by AFM 

Cochlear hair cells of the inner ear are responsible for 
the detection of sound. They encode the magnitude 
and time course of the stimulus as receptor potential, 
which is generated by unknown mechanisms of trans-
forming mechanical impulses into electrical potentials. 
At the moment, different models for the mechanoelec-
trical transduction of hair cells are being discussed 
(Corey and Hudspeth, 1983; Furness et al., 1996). All 
the hypotheses share the idea that a force applied to a 
hair bundle in the positive direction, towards the 
tallest stereocilia, opens transduction channels, where-
as negative deflection closes them (Hudspeth, 1983). 
The stiffness of a hair bundle was directly measured by 
Howard and Hudspeth (1988) and Russell, Kossel and 
Richardson (1992). For a better understanding of the 
transduction process it is important to know what ele-
ments of the hair bundle contribute to the opening of 

Figure 2 

Comparative microscopic investigation of 
an inner hair cell bundle. 

a) Video image obtained during the scan 
procedure. The AFM cantilever is covering 
the bundle of the scaned cell. The tip of a 
cleaning pipette is lying at the botto111. 

b) SEM image of a group of neighbouring 
inner hair cells. Marked cells were investi-
gated by AFM. The surface morphology of 
the hair bundle of both contacted and not 
contacted cells is similar. 

c) AFM image of a hair bundle of an inner 
hair cell. Only line scans in inhibitory 
direction are displayed. Data were obtained 
in physiological solution using the con-
stant height mode. 

d) SEM image of an inner hair cell after 
applying higher forces of some ten nN to 
one stereocilium resulting in a deforma-
tion. 



transduction channels. The morphology of the hair 
cells has been described to great precision by scanning 
and transmission electron microscopy. Unfortunately, 
this method is restricted to fixed and dehydrated spec-
imens. Therefore, the AFM was used for imaging 
cochlear hair cells in physiological solutions and for 
local force applications to single stereocilia. 

Conventional AFM instruments do not have the possi-
bility to observe the sample simultaneously by high 
resolution optical microscopy, therefore, a special 
instrument was developed at EMBL combining an 
AFM with an upright differential interference contrast 
(DIC) supported light microscope (Langer et al., 1997). 
A water immersion objective (40x/0.75) provides a 
high resolution of about 0.5 pm even on organotypic 
cell cultures with thickness of about 300 pm. Using this 
set-up it was possible to image ciliary bundles of inner 
and outer cochlear hair cells of six- and eight-day old 
rats in organotypic culture by AFM. Images were 
obtained by measuring the local force interaction 
between the AFM tip and the specimen surface while 
scanning the tip. The question of whether morphologi-
cal artifacts occurred at the hair bundles during AFM 
investigation was clarified by preparing the cell cul-
tures for the electron microscopy directly after the AFM 
measurements. These cells showed a normal surface 
morphology in the SEM pictures. It was therefore clear 
that forces up to 1.5 nm applied in direction of the 
stereocilia axis do not change the structure of the hair 
bundles. The resolution of the AFM was high enough 
to image the tips of individual stereocilia and the typi-
cal shape of the ciliar bundle of inner and outer hair 
cells. The study on hair cells of the inner ear is an ongo-
ing project in collaboration with the group of Peter 
Ruppersberg at the University of Tiibingen. 

Workshops and Conferences 

During the Scanning Microscopy International 
Conference in Chicago, May 10-5, a workshop on 
Scanning Probe Microscopy was organized for the fifth 
time in collaboration with David Allison (Oak Ridge 
National Laboratory, USA). 

The Ninth International Conference on Scanning 
Tunneling Microscopy/Spectroscopy and Related 
Techniques was organized together with Roland 
Wiesendanger (University Hamburg), Harald Fuchs 
(University Miinster), and Jiirgen Behm (University 
Ulm) in Hamburg, July 20-25. 

The Seventh Workshop on Scanning Probe Techniques 
and Molecular Structures was organized in Tiibingen, 
Oct. 7-10, in collaboration with Christiane Ziegler 
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(University of Tiibingen), Hermann Gaub (LMU, 
Miinchen), Reinhard Guckenberger (MPI, 
Martinsried), Wolfgang Heckl (LMU, Miinchen), 
Jiirgen Rabe (Humboldt-University of Berlin), and the 
German Electron Microscopy Society. 

At the 37th Annual Meeting of the American Society 
for Cell Biology in Washington D.C, December 13-17, 
a subgroup meeting on the use of AFM and optical 
tweezers in cell biology was organised together with 
Bhanu Jena (Yale University, CT). 
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Advanced Light Microscopy Group 

Group Leader: E.H.K. Stelzer 

Postdoctoral fellows: E.-L. Florin, E-M. Haar, S. Lindek, R. Fritsch*, J. Swoger 

Predoctoral fellows: J.P. White 

Visitors: J. Noll*, S. Grill*, M. Prummer*, D. Zink, A. Goroshkov*, Olli Oskari Ojanpera* 

Assistants: S. Albrecht*, N.J. Salmon, T. Stefany, R. Stricker* 

Four major projects were started, continued, and fin-
ished in 1997. A single-lens solution for confocal theta 
microscopy was found and implemented; the photonic 
force microscope was successfully used to record 
images; the European BioImage Database Project start-
ed; and our collaboration with an industrial partner 
(Carl Zeiss Jena GmbH) to build an excellent confocal 
microscope for biology was essentially completed. 

LSM510 and Compact Confocal Camera 

The collaborative project with Carl Zeiss Jena GmbH to 
create a new confocal microscope was successfully 
completed at the end of February with the market 
launch of the new LSM510 machine. To meet this tight 
deadline, S. Albrecht and N. Salmon were sent to work 
in Jena for four months, ensuring implementation of 
the most important features of the EMBL prototype. In 
early summer, EMBL took delivery of one of the first 
LSM510 machines, and received a further two hard-
ware and software upgrades, thus demonstrating 
Zeiss' commitment to further development of the 
instrument. We expect that a second machine will be 
delivered in 1998. 

The Compact Confocal Camera, in essence the proto-
type LSM510, was heavily used by a number of biolo-
gists, in particular by J. White for time-lapse studies of 
live cells labeled with GFP. E-M. Haar and J. Swoger 
are using it as a basis in the further development of 
Theta Microscopy techniques. A number of improve-
ments were made to the hardware, including an 
upgrade to the acousto-optical-modulator (AOM), 
thereby significantly improving the stability of the 
laser illumination. New versions of the software were 
also developed, greatly extending the functionality 
and usability of the machine. 

The optical system of our newest confocal microscope 
generation seems fairly traditional using a convention-
al microscope as a basis, galvanometers to scan the 
image, and photomultipliers to detect the photon flux. 
However, each element is optimised for fluorescence 
microscopy and each movable element has been care-
fully evaluated for ideal performance. The most seri-
ous change is the approach to the scanning process. A 
digital signal processor is at the heart of the instrument 
controlling the scanners, the detectors, the filters and 
pinholes, and is thus able to operate every element in 
synchrony with extremely high precision. The images 
are sent to a computer, which works asynchronously 
running the user interface to the microscope, offering 
virtually any image processing software and connect-
ing the instrument to the rest of the world. The user 
interface has been completely re-designed and 
approaches the instrument from a user's point of view, 
masking the specifics of the instrument and offering 
solutions to problems instead. 

BioImage, the database of biological 
microscopy data 

The BioImage Database project (WWW addresses: 
http://www.bioimage.org and http://www-
embl.bioimage.org), which is funded by the European 
Union, is a collaboration involving eight European 
partners and is co-ordinated by J.M. Carazo (Centro 
Nacional de Biotecnologfa (CNB), Madrid) and E.H.K. 
Stelzer (EMBL). The aim of the project is to develop a 
new database able to organise the information associ-
ated with multi-dimensional data of biological samples 
ranging from entire organisms to macromolecules 
obtained with various microscopy techniques. In addi-
tion, BioImage develops the appropriate interfaces and 
new tools needed to interact directly with this data, 
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and provides links with other key databases such as 
the Protein Data Bank (PDB). 

Whereas scientific databases exist for atomic coordi-
nates and protein sequences, none are presently avail-
able for multi-dimensional microscopy data. The 
Biolmage project fills this gap in structural and cellular 
biology by providing access to this data and to the 
description of all the parameters required for the inter-
pretation. 

The first step was the determination of the areas the 
Biolmage database should cover and of specific infor-
mation, the meta data, that would have to be stored. 
Therefore, at a meeting in January 1997, biological 
microscopy experts were asked which descriptors 
would be required to describe the data they record in 
their scientific research projects. It clearly emerged that 
the Biolmage database will have a structure consisting 
of several parts (Figure 1): 

organisational information (authors, affiliations, 
references, etc.), 
sample preparation (preparation steps and their 
biochemical and physical parameters), 
biological specimen (taxonomic information, etc.), 
data (file location, format and size, etc.), and 
instrumentation (microscopes, their components, 
and the settings for the data acquisition). 

The data documented in the Biolmage database is 
recorded with a broad spectrum of microscopy tech-
niques: two-dimensional atomic force microscopy 
images, three-dimensional density distributions and 
isosurfaces reconstructed from electron microscopy 
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data, videos, and four-dimensional series recorded 
with confocal light microscopes. Since each of these 
techniques has its specific applications, the observed 
biological samples range from entire organisms to 
macromolecules. 

Now, after only one and a half year of work, a first pro-
totype of this Biolmage database is accessible to a 
restricted number of registered users. 

Single-lens Theta microscopy 

This project is a part of the "Heidelberg 3D-Human 
Genome Study Group", which is funded by the BMBF 
German Human Genome Project (DHGP). Its aim is 
the three-dimensional mapping of the human genome. 

To study compartmentalisation in the cell nucleus 
requires developing methods that allow an investiga-
tion of the structure and the dynamics of chromatin. At 
present, the commercially available instruments can-
not resolve these features, because the dimensions of 
interest are close to their resolution limits. The different 
axial and lateral resolutions (800 nm vs 250 nm at a 
detection wavelength of 525 nm) are problematic. High 
resolution 3D fluorescence microscopy techniques 
such as 4-Pi microscopy, theta microscopy, microaxial-
tomography or standing wave microscopy provide 
means of studying the three dimensional structure of 
cell nuclei. 

Confocal theta microscopy offers a considerable 
improvement of the axial resolution. It is based on the 
increase of the inferior axial resolution of confocal 
microscopes by observing the specimen at an angle 1'} 
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Figure 1: 
Biolmage database structure 

The multi-dimensional image data 
constitutes the core of the database. 
Around this data, the documenta-
tion of the observed specimen, the 
sample preparation, and the image 
acquisition with all technical 
details is stored. Links with other 
databases, such as PDB and biblio-
graphic ones, allow the integration 
of additional information into the 
Biolmage database. 



Figure 2: 
The SLTM setup 

a) The illumination beam passes the illumination pinhole, is 
deflected at a dichroic mirror and focused onto a focal point 
above the surface of a plane mirror. The fluorescent beam is 
detected perpendicularly to the illumination axis via an 
oblique mirror, passes the dichroic deflector and is focused 
into the detection pinhole with the subsequent detection 
optics. 

relative to the illumination axis (ideally, 1'} = 90°). The 
observation volume, the product of illumination and 
detection point spread functions (PSFs), is almost 
spherical and reduced by a factor of around 2.5. 

We developed a variant of the theta microscope that 
requires only one microscope objective lens-and is 
therefore called Single-Lens Theta Microscope (SLTM). 
It is easily adapted to any confocal laser scanning 
microscope without major modifications to the micro-
scope optics. The illumination light is reflected at the 
surface of a horizontal mirror, and the fluorescence sig-
nal is detected by the same objective via a mirrored 
prism glued to the horizontal mirror (Figure 2b). The 
resulting focus point is located above the mirror sur-
face. 

The investigation of physical or biological specimens 
in a confocal theta microscope is performed by scan-
ning them through the common focal point of illumi-
nation and detection axis. In our SLTM, the capillary 
carrying the specimen is mounted onto a high-preci-
sion scan stage that is adapted to the condensor holder 
of a common microscope. 

Cell Biophysics Programme 

objective 
lens 

illumination 
pinhol 

The feasibility of single-lens theta microscopy has been 
proven with physical as well as with biological test sys-
tems (fluorescent latex spheres, GFP labelled Golgi 
apparatus). The images of these objects do not show 
any elongations or blurring effects along any axis 

Photonic force microscope 

Having demonstrated that a Photonic Force 
Microscope (PPM) based on optical tweezers and two-
photon excitation works well for applications in cell 
biology, we started to make the instrument user-friend-
ly. We addressed two central problems of the PPM. The 
first was the need to reduce the maximal applied force 
to the cells, and the second the requirement of follow-
ing high obstacles by a feedback mechanism based on 
two-photon excitation. The PPM "tapping mode" was 

Figure 2 

(b) The illumination beam is focused onto a virtual focus 
below the theta mirror unit. The horizontal mirror surface 
images this focus onto the actual focus. The oblique mirror 
creates an image of the actual focus for detection. The detec-
tion axis is therefore arranged perpendicular to the illumina-
tion axis ((}=90 0 ). 
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developed to overcome these difficulties. In this tap-
ping mode, a fluorophore-Iabeled bead is brought from 
solution into contact with the cell until the detected flu-
orescence reaches a certain lower limit. The bead is 
then returned to its starting position, and moved to the 
next lateral position. The software tests whether the 
bead moves freely in solution at the starting point, and 
if necessary recedes the bead even farther. In this man-
ner the bead can overcome high obstacles with verti-
cally-oriented surfaces. -

In addition to two-photon data, parameters such as the 
local elasticity or the forward scattered light are record-
ed in the current program, which allows adequate data 
interpretation. Experiments on neurons, HeLa and 
BHK cells show that the new software allows reduction 
of the maximal force applied to the cells down to about 
0.1 pN. In this force regime, elastic deformations of the 
cell membranes were found to be beyond the micro-
scope resolution. A comparison of PFM with conven-
tional DIC images shows similar features only in some 
cases-as expected, since DIC is sensitive to small 
phase shifts in the light path due to volume effects, 
whereas the PFM is only sensitive to surfaces. 
Therefore, plain membranes as seen in PFM images are 
not visible in DIC 

PFM images recorded around the nuclei of BHK cells 
demonstrated that the tapping mode allows imaging of 
high objects with extraordinary high aspect ratio. 

Structure and dynamics of human interphase 
chromosome territories in vivo 

A new approach which allows the in vivo visualization 
of indivdual chromosome territories in the nuclei of 
living human cells was developed in collaboration 
with D. Zink and T. Cremer from the LMU in Munich. 
The fluorescent thymidine analog Cy3-AP3-dUTP was 
microinjected into the nuclei of cultured human cells, 
such as human diploid fibroblasts, HeLa cells and neu-
roblastoma cells. The fluorescent analog was incorpo-
rated during S-phase into the replicating genomic 
DNA. Labeled cells were further cultivated for several 
cell cycles in normal medium. This well-known 
scheme yielded sister chromatid labeling. Random seg-
regation of labeled and unlabeled chromatids into 
daughter nuclei resulted in nuclei exhibiting individ-
ual chromatid territories that were detectable in vivo. 
The territories were composed of subcompartments 
with diameters ranging between approximately 400 
and 800 nm; we refer to these as subchromosomal foci. 
Time-resolved in vivo studies demonstrated changes of 
positioning and shape of territories and subchromoso-
mal foci. Our hypothesis that sub chromosomal foci are 
stable and functionally distinct entities of chromo-
somes was supported by double labeling of chromatin 
with CIdU and IdU, respectively, at early and late S-
phase and subsequent cultivation of corresponding 
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cells for 5-10 cell cycles before fixation and immunocy-
tochemical detection. This scheme yielded segregated 
chromatid territories with distinctly separated sub-
chromosomal foci composed of either early or late 
replicating chromatin. The size range of subchromoso-
mal foci was similar after shorter (2 hrs) and longer (16 
hrs) labeling periods and was observed in nuclei of 
both living and fixed cells suggesting their structural 
identity. 

Live Golgi dynamics 

Resident Golgi glycosylation enzymes provide well-
characterized markers for the Golgi apparatus. We 
have fused the stalk region of two different Golgi resi-
dent glycosylation enzymes to green fluorescent pro-
tein (GFP). The stalk region confers Golgi localization; 
these Golgi-GFP fusions are retained in the Golgi appa-
ratus and provide markers of the Golgi in live cells. 
Time-lapse microscopy of the Golgi-GFPs reveal that 
the Golgi apparatus maintains a characteristic steady 
state but is a highly active organelle with self-organiz-
ing properties. Cells expressing Golgi-GFPs were 
observed in interphase and during the second half of 
mitosis. Interphase cells have a central juxtanuclear 
region of fluorescence surrounded by smaller periph-
eral elements. We observed extension and retraction of 
tram:ient tubules from this central region, flow along 
stable tubular structures, a rapid flux of small ele-
ments, and homotypic fusion of larger Golgi elements. 
During mitosis, the Golgi disperses to peripheral ele-
ments amid an evenly distributed haze. After cell divi-
sion, the haze accumulates into the peripheral ele-
ments; these elements then coalesce into an interphase 
Golgi. 

We also observed the effects of perturbing the Golgi 
steady-state with nocodazole and brefeldin A. Upon 
brefeldin A (BFA) treatment of interphase cells, GFP-
labelled Golgi membranes first flow along stable tubu-
lar elements, and transient tubular elements rapidly 
extend and retract. Five to 10 minutes later, the Golgi 
disperses into the endoplasmic reticulum within 30 
seconds, travelling in a wavelike pulse emanating from 
the central region of fluorescence. Nocodazole treat-
ment causes the Golgi-GFP fusions to accumulate at 
stable peripheral sites. They appear faintly and become 
more intense with time, but do not move from their 
original positions. We observed how the Golgi regains 
the steady state upon the removal of these drugs. The 
peripheral elements that were formed during either 
mitosis or nocodazole treatment, or upon removal of 
BFA, coalesce to form the Golgi at its characteristic jux-
tanuclear location. 

Our observations of the Golgi in living cells suggest 
that it has unique, regulated biophysical properties. 
Additionally, our observations reveal the dynamic 
aspects of Golgi behaviour, which should be taken into 



account by models explaining the mechanisms of intra-
Golgi transport and the structural maintenance of the 
Golgi steady-state. 

Prize 

Nicholas Salmon won the Institution of Electrical 
Engineers (lEE) "Short p-aper" competition, which was 
held in Heidelberg in May 1997. 

Patents 

Stelzer, E.H.K., Lindek, S. & Pick, R. (1997). Konfokales 
Mikroskop; 
German Patent DE 43 26 473 C2 

Stelzer, E.H.K. & Lindek, S. Konfokales Mikroskop mit 
einem Doppelobjektiv-System; 
German Patent DE 19629725 
(filed 23.07.1996, granted 19.12.1997) 

EMBL Heidelberg: Mikroskop, 
Deutsches Patentamt DE 93 21 413.8 
(Gebrauchsmuster filed 06.08.97 from P 43 26 473, 
granted 20.11.1997). 
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applications. J. Struct. BioI., 119,202-211 

Lindek, S., Stefany, T. & Stelzer, E.H.K. (1997). Single-
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CELL REGULATION PROGRAMME 

For an organism to develop, to function, and to survive in a changing environment, the many different cell types of 
higher eukaryotes must interact in a highly orchestrated fashion. To communicate, cells must both transmit and 
receive information. In the recipient cell, this process involves the transmission of the signal from the surface to the 
nucleus along a number of different pathways that can act in parallel or in series. In the past few years our under-
standing of signal transduction has dramatically expanded, leading to the delineation of a few prototypic pathways. 
Typically, the binding of a given growth factor to a cognate cell surface receptor triggers specific protein kinase cas-
cades which relay the signal to the nucleus, thereby modulating the activity of transcription factors. These in turn 
control the expression of genes responsible for specific growth and differentiation programmes. 

Broadly speaking, the Cell Regulation Programme is interested in understanding how key regulators, such as com-
ponents of signal transduction pathways and transcription factors, control the delicate equilibrium between cell 
growth, quiescence, differentiation and programmed cell death. Some of the questions studied are: How is speci-
ficity achieved within a given signal transduction pathway, and how is the intensity of a signal modulated? How 
are individual cell fates determined during differentiation? What are the roles of specific growth factors and their 
receptors during embryogenesis and organogenesis? 

These and other questions are being addressed in a variety of model organisms. Rolf Zeller and his colleagues are 
investigating the role of fibroblast growth factor 2 during mouse brain development and in specialized cells of the 
adult kidney. Angel Nebreda and his group are studying maturation of the frog oocyte to learn how pathways relay-
ing growth and differentiation signals intersect with the cell-cycle machinery on the one hand and with stress-acti-
vated pathways on the other. To understand the molecular basis of cell differentiation processes and developmen-
tal decisions, Dirk Bohmann's group explores the question of how diverse signals integrate in the nucleus to mod-
ify the activity and stability of key transcription factors, using both fruit fly genetics and mammalian tissue culture 
systems. Giulio Superti-Furga and his colleagues use the fission yeast and mammalian cells as models to ask how 
the activity of cytoplasmic tyrosine kinases, key enzymes in signal transduction, are controlled. To study the estab-
lishment, maintenance and function of the complex network of the mouse nervous system, Riidiger Klein's lab uses 
homologous recombination to inactivate genes coding for cell surface receptors and their ligands and analyses the 
resulting phenotypes. Finally, the lab of Thomas Graf is trying to understand how transcription factors tell multi-
potent haematopoietic precursors whether to differentiate into one cell type or another, and how oncogenes lock 
blood cells into a proliferative state that may contribute to leukemia. 

Much of the excitement of the work in the Programme stems from the realization that the same basic biological prin-
ciples are employed over and over in diverse settings and organisms, and that the functions of key regulators is 
highly conserved during evolution. The discovery of basic principles in cell regulation might eventually result in 
finding more intelligent approaches to cure diverse genetic diseases, including cancer. 
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Despite more than a decade of intensive and tremen-
dously fruitful research on the topic, we are still far 
from a comprehensive understanding of how multi-
cellular organisms regulate their genes. A detailed 
knowledge of the underlying mechanisms would not 
only significantly further our insight into many aspects 
of biology, it might also help us to understand and 
eventually counteract pathological aberrations such as 
those occurring in cancer and numerous other dis-
eases. A particularly important question in this regard 
is how the cell integrates extracellular and genetic 
information to very specifically direct a program of 
gene activity that is suitable to its biological context, i.e. 
the organism and its environment. The ability of cells 
to respond to external signals through changes of gene 
expression is fundamental to almost every aspect of 
multi-cellular life. Processes like cell differentiation, 
proliferation, and morphogenesis are all governed by 
extracellular stimuli. Such stimuli act by triggering sig-
nal transduction cascades in the recipient cell. The 
nuclear components of these signal transduction path-
ways are transcription factors which can be turned on 
or off in response to signal reception and thus result in 
the up- or down-regulation of specific sets of target 
genes. In this manner, signal-responsive transcription 
factors form the interface between environmental and 
genetic information. The interests of our group revolve 
around such inducible transcription factors, their 
modes of action and activation, and their role in the 
organism. 

Jun and Fos represent well-established paradigms for 
signal-responsive transcription factors. Research on 
these proteins has yielded a great deal of information 
about signal transduction processes and their effects on 
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gene expression. A lot has been learned, for example, 
about the activation of Jun in response to stress and 
growth signals, where c-Jun functions at the nuclear 
side of well-defined signal transduction pathways. 

In spite of this wealth of mechanistic information, we 
are still largely ignorant about the function of Jun and 
Fos in complex biological processes such as the devel-
opment or cancer. A molecular description of these 
more intricate levels of gene regulation will be invalu-
able for our understanding of the function and devel-
opment of the organism. Such a description can only be 
achieved by a multi-pronged approach that combines 
biochemistry, molecular biology, and genetics. 

The regulatory function of ubiquitin-
dependent protein degradation 

Selective and regulated protein degradation processes 
play an important and increasingly recognized role in 
many biological control processes, such as the regula-
tion of cell cycle progression, of gene transcription, of 
signal transduction, etc. The ubiquitin-dependent pro-
teolysis system plays a prominent role in such process-
es. We have investigated the regulation of Jun by this 
system. We showed that c-Jun is multi-ubiquitinated in 
vivo and that this multi-ubiquitylation triggers its 
degradation. Interestingly, in v-Jun, the transforming 
version of c-Jun, an essential ubiquitylation signal is 
deleted. Consequently, multi-ubiquitylation of v-Jun in 
vivo is strongly decreased and its half-life is increased 
in comparison to c-Jun. This finding indicates that v-
Jun might escape a cellular control mechanism that 
operates on the level of protein stability, potentially 
identifying a novel avenue towards cell-transforma-



tion. We investigated the question of whether the ubi-
quitination and thus the stability of c-Jun is regulated 
by extracellular signals. We found that signal-induced 
phosphorylation by MAP kinase-type enzymes inter-
feres with c-Jun ubiquitination and counteracts the 
degradation of the protein. In this way, c-Jun seems to 
become transiently stabilized in response to MAPK 
signaling. These results also offer new insight into cell 
transformation by oncogenes such as ras. We were able 
to show that c-Jun's half-life is increased upon ras 
transformation. This effect appears to be mediated by 
persistent phosphorylation of c-Jun in transformed 
cells. 

Ongoing studies in this area are aimed at understand-
ing the regulation of the various members of the Jun 
and Fos families by ubiquitin-dependent processes, as 
well as the enzymology of c-Jun ubiquitination. 

Jun signaling during neuronal differentiation 
and apoptosis 

One of the surprises in the field of signal transduction 
was that many proteins are involved in more than one 
pathway and can convey distinct, sometimes even con-
flicting information. In this manner, transcription fac-
tors like Myc and Jun have been implicated in the con-
trol of both cell proliferation and cell death. By the 
same token, protein kinases such as MAP kinases, with 
similar substrate specificity, can elicit very different 
biological responses when activated by upstream sig-
nals. To investigate questions related to the specificity 
of biological signal responses, we have initiated stud-
ies in PC12 cells, which offer an attractive model sys-
tem to study signal transduction through various path-
ways. Nerve growth factor can stimulate neuronal dif-
ferentiation of these cells, a response that is mediated 
by the Ras-Raf-ERK pathway. In contrast, activation of 
the JNK pathway can trigger apoptosis. c-Jun has been 
implicated in both of these responses. We showed that 
c-Jun expression and phosphorylation is necessary and 
sufficient for the differentiation of PC12 cells towards a 
neuronal phenotype. The role of c-Jun in regulation of 
apoptosis is more complex than previously anticipated 
and is highly dependent on the cellular context. 

The PC12 cell experiments will be pursued further in 
an effort to understand the complexities of cellular 
decision-making processes and the multi-faceted func-
tion of Jun and Fos transcription factors. 

Jun and Fos in Drosophila 

The fact that signal transduction proteins may partici-
pate in multiple biological responses and that they are 
components of more than one pathway has also been 
observed in Drosophila. Recent studies in the lab indi-
cate that Jun, in addition to its function in photorecep-
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tor differentiation during eye development, is also 
required for "dorsal closure," a part of early embryo-
genesis in Drosophila: the embryonic epidermis gets 
stretched upwards to close the remaining dorsal open-
ing, which up to that stage is only covered by extra-
embryonic tissue. In this situation, Drosophila Jun is 
regulated by the JNK pathway and its distal compo-
nents, the JNK Basket and the JNKK Hemipterous. Fos 
was found to playa role very similar to Jun in the 
process of dorsal closure when the kayak mutation was 
identified as a defect in the Drosophila fos gene, thus 
providing us with Fos-deficient flies. It appears that 
Drosophila Fos and Jun act together in the form of a het-
erodimeric, signal-responsive transcription factor, as 
they do in higher organisms. Among the target genes I 
that Fos and Jun regulate during dorsal closure are the 

homologue decapentaplegic and the MAPK phos-
phatase puckered. In concert, and by mechanisms not 
yet entirely understood, these signaling molecules 
affect the cell shape changes which give rise to the 
morphogenetic movements of dorsal closure that are 
required for the completion of the embryonic epider-
mis. Future studies in Drosophila will hopefully teach 
us more about Fos and Jun and the principal mecha-
nisms as well as the complexities of biological signal 
transduction in the context of an intact organism. 

Dmsophila 14-3-3 

14-3-3 proteins have been implicated in a number of 
different signal transduction processes, in particular in 
the signal-dependent activation of protein kinases. To 
begin a genetic analysis of 14-3-3 function, the 
Drosophila melanogaster D14-3-31; locus was analyzed, 
and mutant alleles were isolated. These studies docu-
mented that in a multicellular organism, 14-3-3 acts as 
a signaling component downstream of Ras and 
upstream of Raf. In this context, 14-3-3 appears to be 
involved in the regulation of both cell proliferation and 
of cell differentiation. 
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The haematopoietic system is uniquely suited to the 
study of molecular mechanisms that underly decision-
making processes during differentiation, as several 
well-defined cell types are continuously generated 
from a pool of stem cells present in the embryo and in 
the adult. A major obstacle in these studies, however, is 
the scarcity and short life-span of the early precursors. 
To circumvent this problem, we use oncogene-contain-
ing avian retroviruses which efficiently transform 
haematopoietic cells in culture and induce leukaemia 
in animals. This allows the production of large num-
bers of homogeneous, precursor-type cells whose 
properties can be analysed before and after inactivat-
ing the oncogene which drives their proliferation. 

As a model, we are studying the E26leukaemia virus, 
which encodes a nuclear oncoprotein consisting of a 
fusion between mutated versions of the transcription 
factors c-Myb and c-Ets-1. The E26 virus transforms 
multipotent progenitors designated "MEPs" which can 
differentiate into four distinct cell types (thrombocytes, 
eosinophils, myeloblasts and erythrocytes). 

Here we describe different approaches to the question 
of how Myb-Ets transformed progenitors are commit-
ted to differentiation along a particular lineage. The 
last section describes a novel project that uses mice as 
a model for haematopoietic differentiation. 

Plasticity of haematopoietic cell 
differentiation revealed by transformation 
with the E26 acute leukaemia virus 
(T. Graf, K. McNagny and L. Perez) 

While it is clear that the E26 virus can induce the pro-
liferation of committed myelomonocytic cells, the ori-
gin of the multipotent progenitors transformed by the 
virus after infection of 2-day-old chick embryos has so 

far remained elusive. The development, in our lab, of 
monoclonal antibodies against cell surface antigens 
characteristic for various blood cell types offered the 
possibility to study the nature of the target cells. This 
was done by infecting cell samples with E26, seeding 
the cells in semisolid medium and evaluating the num-
ber of proliferating (transformed) colonies 8 to 10 days 
later. At this stage the transformed colonies contain 
several hundred to several thousand cells each. 

In a first set of experiments, we showed that the target 
cells contained in two day old blastoderms are found 
exclusively in the yolk sac surrounding the embryo, a 
tissue which consists of blood islands known to consti-
tute the primitive haematopoietic system. Most of 
these cells express markers characteristic not only of 
red blood cells but also of thrombocytes/MEPs as well 
as of myeloid cells (lower levels). The bulk of the target 
cells were found to be contained in the fraction of cells 
that stained with an antibody against the JS4 surface 
antigen, which is a marker of mature erythrocytes. 
About 2/3 of the cells within the JS4 positive cell pop-
ulation also expressed haemoglobin. As expected, cells 
sorted with this antibody but kept uninfected formed 
colonies of primitive erythrocytes. These colonies 
stopped growing after dividing 2 to 4 times. Time-
lapse studies suggested that the virus is capable of 
reprogramming haemoglobin positive cells into cells 
which are essentially negative for this marker but 
which predominantly express thrombocyte/MEP 
markers instead. Also, the transformed cells are capa-
ble of differentiating into thrombocytes, erythrocytes, 
eosinophils and granulocyte/macrophage precursors. 
These results suggest that forced expression of the 
Myb-Ets oncoprotein not only induces proliferation 
but also a dramatic expansion of the differentiation 
potential of committed primitive erythroid progeni-
tors. 
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The significance and specificity of these observations is 
underlined by observations made with another acute 
leukemia virus, the ErbA, ErbB-encoding avian ery-
throblastosis virus AEV. This virus induces the prolif-
eration of an overlapping set of target cells in the yolk 
sac of two-day blastoderms, but the transformed cells 
exhibit an immature erythroid phentoype and do not 
acquire multi potentiality, as was observed with E26. 

Our results suggest that E26 but not AEV virus is capa-
ble of reprogramming haematopoietic progenitors to 
acquire a new fate, suggesting an unsuspected plastic-
ity of differentiation. A similar plasticity of blood cell 
differentiation was observed in studies where the 
GATA-1 transcription factor was ectopically expressed 
in myelomonocytic cells, leading to a reprogramming 
of these cells into eosinophils and MEPs (Kulessa et at., 
1995). 

PD.1 versus GATA-1: a differentiation switch 
(c. Nerlov, E. Querfurth and T. Graf) 

The above work also suggested that GATA-1 plays an 
important role in determining the phenotype of chick-
en blood cells. Thus the factor, which is normally 
expressed in multi potent progenitors, erythroid cells, 
thrombocytic cells as well as eosinophil and basophil 
granulocytes, is completely absent from myeloid cell 
types (myeloblasts, neutrophil granulocytes, macro-
phages), and ectopic GATA-1 expression in these cell 
types led to their trans-differentiation into either 
eosinophils (at moderate exogenous GATA-1 expres-
sion levels) or multipotent progenitors (at high exoge-
nous GATA-1 expression levels; Kulessa et at., 1995). 
From this it seemed likely that GATA-1 downregula-
tion is an important step in myeloid lineage commit-
ment, and transcriptional regulators capable of induc-
ing myeloid differentiation would thus be expected to 
be expressed in the haematopoietic system in a pattern 
largely complementary to that of GATA-l. One such 
factor, the Ets-family transcription factor PU.1, was 
found to exhibit such an expression pattern in that it 
can be detected in myeloid cells and in B-cells (both of 
which do not express GATA-1) but in none of the cell 
lineages where GATA-1 is expressed. The additional 
fact that PU.1 knockout mice have a severe impairment 
of myelopoiesis supports the idea that the factor plays 
a role in myeloid lineage commitment. 

We therefore expressed the PU.1 protein in MEPs using 
a bicistronic version of the E26 virus (E26-PU.1). 
Whereas the control E26 virus (E26-WT) transforms 
MEPs as well as myeloid cells and eosinophils, the E26-
PU.1 virus exclusively transformed myeloid cells. That 
this was an instructive effect and not a result of selec-
tion against other cell types was demonstrated by 
using an inducible version of PU.l (PUER; a fusion 
between PU.1 and the estrogen receptor hormone 
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binding domain, which is transcriptionally active only 
in the presence of p-estradioD. When activated in pri-
mary MEPs, the PUER induced a rapid downregula-
tion of MEP surface antigens, followed by the induc-
tion of myeloid markers. After 3 days of PUER activa-
tion, the MEPs were irreversibly committed to myeloid 
differentiation, downregulating MEP type markers 
and upregulating myeloid markers in the absence of 
further p-estradiol stimulation. From this we conclude 
that PU.l is capable of inducing multipotent progeni-
tors to differentiate along the myeloid lineage, thus 
constituting the first recognized example of such a fac-
tor. 

When we examined the effect of PUER activation on 
GATA-1 expression we found that it is efficiently 
downregulated in MEPs at both protein and mRNA 
levels. Indeed, after 3 days of PUER activation, GATA-
1 protein was essentially absent from the induced cells, 
correlating with their quantitative commitment to 
myeloid differentiation. Interestingly, withdrawal of p-
estradiol at intermediate GATA-1 levels (i.e. after 1-2 
days of treatment with the hormone) resulted in a sig-
nificant proportion (>50%) of the cells committing to 
the eosinophil lineage. This further illustrates the 
importance of GATA-1 levels in establishing 
haematopoietic phenotypes, and it strongly suggests 
that the myeloid-instructive property of PU.1 is linked 
to its ability to extinguish GATA-1 expression in multi-
potent cells. 

Role of the transcription factor MafB in 
haematopoietic differentiation 
(M. Sieweke, L. Kelly and U. Jarosch) 

In previous work we have identified the bZip type 
transcription factor MafB in a yeast one hybrid screen 
as a partner of the haematopoietic transcription factor 
Ets-l. MafB is most highly expressed in macrophage 
type cells and represses erythroid differentiation by 
inhibiting the capacity of Ets-1 to transactivate ery-
throid specific genes (Sieweke et at., 1996). In ectopic 
expression experiments, we have now found that it is 
also able to enhance differentiation along the 
myelomonocytic lineage in multipotent .progenitor 
cells and to accelerate macrophage differentiation in 
myeloid progenitors. In addition, expression of domi-
nant negative MafB alleles in myeloid precursor cells 
inhibits macrophage differentiation. Together, these 
results suggest that MafB acts as a dual function selec-
tor gene for macrophage differentiation by a) inducing 
late myelomonocytic gene expression and b) repress-
ing inappropriate erythroid gene expression in 
myelomonocytic cells. 

MafB does not only have a role in haematopoietic dif-
ferentiation but also in neuronal tissues. Thus, the 
avian MafB has high homology to the mouse gene 



affected by the "kreisler" mutation, which has been 
demonstrated to have a hindbrain segmentation and 
neuronal defect. We were now able to show that MafB 
is indeed the homologue of "kreisler", in Southern 
analysis and expression studies. This raised the possi-
bility that, in addition to their neuronal defect, the 
kreisler mice have alterations in the haematopoietic 
system. A detailed analysis of "kreisler" mice, howev-
er, revealed that the "kreisler" mutation, although 
causing an ablation of hifidbrain rhombomeres 5 and 6, 
where kreisler /MafB is normally expressed, exhibited 
normal levels of macrophages, and these were fully 
functional. Subsequently we found that these 
macrophages also have normal levels of Kreisler /MafB 
expression. These results suggest that the "kreisler" 
mutation selectively inactivates a neuronal specific 
enhancer. By homologous recombination in ES cells, 
we are currently generating mice that exhibit a defi-
ciency in the coding region of kreisler /MafB with the 
goal of determining its effect on blood cell differentia-
tion. 

Lineage specific knock-ins with GFP: a 
novel approach to study haematopoietic 
differentiation 
(N. Faust and T. Graf) 

Current textbook schemes of haematopoiesis show the 
formation of eight or more different blood cell types 
arising from a multipotent progenitor whose differen-
tiation potential becomes gradually restricted. Such 
schemes are derived from in vivo and in vitro colony 
assays which demonstrate that a single cell can gener-
ate the whole spectrum of blood cells. Surprisingly, 
however, very little is actually known about what goes 
on during the intermediate stages of differentiation. 
Some of the open questions are: 

1) What is the nature of the proposed hierarchies (do 
certain blood cells always differentiate before others)? 
2) What is the identity of multi, tri- or bipotent pro-
genitors? 
3) When does the transition from symmetrical to asym-
metrical divisions occur? 
4) What is the influence of cytokines on decision-mak-
ing processes during differentiation? 
5) Does differentiation always proceed in unidirection-
al, irreversible steps? 

One way to approach these questions is to study divi-
sion/ differentiation by time-lapse video microscopy 
after seeding single multipotent progenitors in a medi-
um with defined cytokines. The main reason why this 
has not yet been done is that it is not possible to assign 
cells to a given lineage by their morphology until they 
have reached very late stages of differentiation. Also, 
antibody staining for early lineage markers is not fea-
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sible for time-lapse approaches, as this would interrupt 
the process. A way around this problem is offered by 
the emerging technology of green fluorescent proteins 
(GFPs) which allows the labelling of living cells with-
out interfering with their properties. 

To this end we are planning to insert different forms of 
GFP into lineage specific genes in ES cells, by homolo-
gous recombination ("knock-in"), to create transgenic 
"painted mice" where red cells are blue, for example, 
and myeloid cells are green, and then to study the dif-
ferentiation of isolated stem cells in culture, using flu-
orescence video microscopy. 

We have begun to work towards this goal by con- I 
structing an ES cell line in which we have inserted E-
GFP into the lysozyme locus, a marker which becomes 
expressed specifically during myelomonocytic cell dif-
ferentiation and which is most highly expressed in 
mature macrophages. To improve the frequency of 
homologous recombination, we have employed a tech-
nique that prevents exonucleolytic degradation of the 
targeting construct after transfection. This was 
achieved by ligating hairpin-structure-forming 
oligonucleotides ("splinkers") to the ends of the lin-
earized targeting constructs. A comparison of the fre-
quency of clones that exhibited homologous recombi-
nation in the lysozyme locus between the conventional 
technique and the splinker method showed that the 
former yielded 8% positive clones while the latter 
yielded 28% positive clones, that is, a 3 to 4 fold 
increase. 

When ES cell clones that contained a knocked-in GFP 
were induced to differentiate into haematopoietic cells 
in vitro (removal of LIF and addition of M-CSF), GFP 
expression could be detected in a subset of cells by flu-
orescence microscopoy and flow cytometry. A charac-
terization of these green cells showed that they were 
mature macrophages and macrophage precursors, as 
expected from the known expression pattern of 
lysozyme. We are currently generating a mouse strain 
from these lysozyme knock-in ES cell clones. 

Our results indicate that the approach taken should 
make it possible to study the emergence of lineage 
restricted progenitor cells in culture by fluorescence 
time-lapse microscopy. We now plan, therefore, to 
introduce another form of GFP distinguishable from E-
GFP into the gpITh locus of the lysozyme E-GFP ES cell 
line by homologous recombination. Such an ES cell 
line, when subjected to differentiation conditions that 
include both M-CSF and erythropoietin, should gener-
ate two distinct fluorescence positive cell populations 
representing myelomonocytic and thrombocytic cells 
(as well as possibly early progenitors). Eventually it 
might be possible to extend this scheme to additional 
lineage markers, using yet other forms of GFP. 
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At the cellular level, protein-tyrosine kinase receptors 
(RTKs) are important components of the signal trans-
duction machinery, controlling cell growth, differentia-
tion and survival. Developing embryos require signal-
ing by RTKs at almost every phase of ontogeny, includ-
ing gastmlation, patterning, organogenesis and neuro-
genesis. Our studies focus on the role of RTKs in the 
developing nervous system, particularly their involve-
ment in the regulation of neuronal cell death and the 
formation of neuronal networks. During 1997, the lab 
has begun to explore the mechanisms of the action of 
these RTKs in vivo, and we are beginning to correlate 
certain biological functions with the binding and acti-
vation of specific downstream RTK effector molecules. 

The Trk family of neurotrophin receptors 

During the development of the vertebrate nervous sys-
tem, the survival of many peripheral neurons depends 
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). Germline-targeted mice that are deficient 
in either of the three Trk receptors reveal that sensory 
neurons subserving different functions require differ-
ent Trk signaling pathways for their survival. In 1997, 
we further analyzed the neurotrophin requirements of 
the sensory neurons of the inner ear (Schimmang et al., 
1997) and of the neurons of the sympatho-adrenalline-
age (Schober et al., 1997), in collaborations with Klaus 
Unsicker (Heidelberg) and Thomas Schimmang and 
Juan Represa (Valladolid). 

The two neurotrophins brain-derived neurotrophic 
factor (BDNF) and neurotrophin-4 (NT4) bind and acti-

vate a single high affinity receptor, TrkB. Experiments 
in cell culture have revealed that an intact Shc adaptor 
binding site on TrkB and subsequent activation of the 
Ras/MAPK pathway are important for neuronal sur-
vival and neurite outgrowth. To elucidate the intracel-
lular signaling pathways that mediate the diverse 
effects of BDNF and NT4 in vivo, we mutated the Shc 
binding site in the trkB gene in the mouse germline. 
This trkBshc mutation revealed distinctive responses to 
BDNF and NT4. While nearly all NT4-dependent sen-
sory neurons were lost in trkBshc/Shc mutant mice, 
BDNF-dependent neurons were only modestly affect-
ed. In cultured trkBshc/Shcneurons, NT4 caused a weak-
er activation of MAP kinases and was less efficient 
than BDNF in promoting their in vitro survival. Our 
results suggest that these distinctive responses are the 
result of differential activation of TrkB by the two lig-
ands. Moreover, while the Ras/MAPK pathway is 
required for in vitro differentiation of neuronal cells, 
trkBshc/Shc mutant mice do not show any defects in 
BDNF-dependent differentiation of CNS neurons or in 
the function of sensory neurons that mediate innocu-
ous touch (Minichiello et al., 1998). 

Eph-related receptor tyrosine kinases and 
axon guidance 

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 trajec-
tories of navigating axons. The Eph family of receptor 
tyrosine kinases and their cell-surface bound ligands 
have been implicated in short range control of axon 
guidance during retinotectal map formation and in 
guidance of commissural axon projections across the 
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midline. In addition, they have roles in axon fascicula-
tion and in the patterning of forebrain and hindbrain 
structures. The Eph receptor family falls into two sub-
classes, based on their interactions with ligands that 
are tethered to the cell surface either by a single trans-
membrane domain or by a glycosylphosphatidyl (GPI) 
anchor. Whereas cross-reactive binding between the 
two subclasses is rare and of low affinity, ligand-recep-
tor interactions within a subclass are rather promiscu-
ous. However, small differences in binding affinities 
observed in vitro may result in different biological 
responses in vivo. Genetic evidence suggests that this is 
indeed the case. The two Eph receptors EphB2 (Nuk) 
and EphB3 (Sek4) both bind the transmembrane lig-
ands ephrinBl (Lerk2) and ephrinB2 (Elf2). However, 
the analysis of EphB2 and EphB3-deficient mice has 
revealed that, despite being co-expressed, each recep-
tor has unique roles in the guidance of commissural 
axons and that both receptors cooperate in axon guid-
ance and fasciculation, as well as in the development of 
midline structures outside the nervous system. These 
results are consistent with the idea that small differ-
ences in ligand interaction may have a subtle influence 
on the guidance of navigating growth cones in vivo. 

To gain insight into the mechanisms of ligand-receptor 
interaction, we mapped the ligand binding domain in 
Eph receptors. By using a series of deletion and 
domain substitution mutants, we reported that an 
amino-terminal globular domain of the EphB2 receptor 
is the ligand binding domain of the transmembrane 
ligand ephrinB1. Using focus formation assays, we 
showed that the EphB2 globular domain is sufficient to 
confer ephrinBl-dependent transforming activity on 
the EphB5 (Cek9) orphan receptor. While extending 
our binding studies to other members of both sub-
classes of receptors, it became apparent that the same 
domain is used for binding of both transmembrane 
and GPI-anchored ligands. Our studies have deter-
mined the first structural elements involved in ligand-
receptor interaction and will allow more fine-tuned 
genetic experiments to elucidate the mechanism of the 
action of these important guidance molecules 
(Labrador et ai., 1997). 

Both genetic and biochemical evidence suggests that 
ephrinB ligands are also actively involved in signaling 
during axonal pathfinding. Mice expressing a kinase-
defective version of EphB2 have a normal anterior 
commissure, at least in certain genetic backgrounds, 
suggesting that reverse signaling through transmem-
brane ligands on the surface of the navigating axon 
may help to properly guide it across the midline 
(Henkemeyer et ai., 1996). Consistent with the idea of 
ligand signaling, transmembrane ligands carry a set of 
conserved tyrosine residues within their cytoplasmic 
domains that may serve as docking sites for phospho-
tyrosine-binding domains. We were able to show that 
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these cytoplasmic tyrosine residues become phospho-
rylated after contact of the ligand ectodomain with the 
EphB2 receptor, suggesting that transmembrane lig-
ands have receptor-like intrinsic signaling potential. 
Furthermore, the transmembrane ligand ephrinBl is an 
in vivo substrate for the platelet-derived growth factor 
(PDGF) receptor, suggesting crosstalk between 
ephrinBl signaling and signaling cascades activated by 
tyrosine kinases. These findings suggested that trans-
membrane ligands act not only as conventional ligands 
for tyrosine kinase receptors, but also as receptor-like 
signaling molecules (Bruckner et ai., 1997). 

In an effort to obtain genetic evidence for ephrin sig-
naling, we have knocked out ephrinB2 gene function in 
mice. Quite unexpectedly, we found that mice lacking 
ephrinB2 have defects in blood vessel formation and 
die in utero before embryonic day 11.5 (ElLS). While 
the formation of the primitive vascular plexus, defined 
as vasculogenesis, proceeded normally in ephrinB2-1-
mutant embryos and yolk sacs, remodeling into the 
mature vascular system-a process that requires angio-
genesis-was severely impaired. Double mutant mice 
lacking two of the cognate receptors, EphB2 and 
EphB3, showed similar but less severe defects in vas-
cular patterning and morphogenesis. Furthermore, 
activation of EphB receptors using ephrinB ligands in 
in 'Uitro angiogenesis assays induced capillary sprout-
ing with an efficiency similar to angiopoietin-l (Ang-1) 
and vascular endothelial growth factor (VEGF), 
demonstrating a direct role of ephrins in the remodel-
ing of the developing vascular system. These results 
suggest parallel roles for ephrins and Eph receptors in 
orchestrating the formation of vascular and neuronal 
networks (Adams, R.H., Wilkinson, G.A., Weiss, c., 
Diella, E, Gale, N.W., Deutsch, U., Risau. W. & Klein, 
R., submitted). 

An essential role for signaling by the 
HGF /Met receptor in peripheral nervous 
system development 

The development of neurons in the peripheral nervous 
system is a complex yet highly stereotyped process 
that is controlled in part by external cues from other 
cells. Such cues include (i) factors that regulate the pro-
liferation and differentiation of neuronal precursor 
cells, (ij) factors that promote axonal outgrowth and 
guide axons to their targets, (iii) survival factors that 
match the number of neurons to their targets, and (iv) 
local cues that refine initial connections by regulating 
terminal branching and synaptogenesis. Although 
great progress has been made in the identification of 
molecules with the above activities, which of these 
molecules are actually required for peripheral nervous 
system development remains to be determined in 
many cases. Moreover, many of these factors have mul-
tiple effects-not only on neurons, but also on neigh-



boring cells, making it difficult to distinguish between 
indirect target-mediated effects and direct effects on 
neurons. 

One such pleiotropic factor is hepatocyte growth factor 
(HGF) which, besides promoting survival and prolifer-
ation of a number of cell types, stimulates cell migra-
tion and dissociation of epithelial sheets. Gene target-
ing experiments in mice have shown that HGF and its 
receptor, the Met tyrosine kinase, are required for the 
development of placenta, liver and muscle of the limbs 
and trunk (Maina et al., 1996, and references therein). In 
1997, we focused on the role of HGF in the develop-
ment of sensory neurons. We showed that mice carry-
ing a severe signaling mutant of Met (metD/D) have 
intercostal nerves which are significantly reduced in 
length and which elaborate fewer terminal branches, 
demonstrating a requirement for HGF /Met signaling 
in sensory neuron development. Using in vitro assays, 
we found that HGF cooperates with nerve growth fac-
tor (NGF) in enhancing the axonal growth rate of dor-
sal root ganglion (DRG) sensory neurons. No coopera-
tion is observed with the related neurotrophins BDNF 
and NT3, suggesting a specific interaction of the intra-
cellular signaling pathways downstream of Met and 
TrkA In addition, HGF enhances the neurotrophic 
activities of NGF in vitro, and Met receptor signaling is 
required for the survival of a proportion of DRG neu-
rons in vivo (Maina et a/., 1997). 

In a further collaboration with Alun Davies' lab, we 
have recently studied the role of HGF /Met signaling in 
the development of sympathetic neuroblasts and neu-
rons. Anti-HGF antibodies reduced the number of 
sympathetic neuroblasts that differentiated into neu-
rons, but neither anti-HGF antibodies nor HGF affect-
ed neuroblast proliferation. Anti-HGF antibodies also 
reduced the survival of neuroblasts but not of sympa-
thetic neurons. HGF greatly enhanced the neurite out-
growth and branching of NGF-dependent sympathetic 
neurons throughout development. These effects of 
anti-HGF antibodies and HGF were abolished by a dis-
abling mutation of Met, the HGF receptor tyrosine 
kinase. The Met mutation also increased sympathetic 
neuroblast apoptosis in vivo. Because Met and HGF are 
expressed in sympathetic ganglia throughout develop-
ment, it is possible that the multiple effects of 
HGF /Met signaling on sympathetic neuroblasts and 
neurons occur in part by an autocrine mechanism 
(Maina et a/., 1998). 

A role for Ras-GRF dependent signaling in 
synaptic transmission and long-term 
memory 

The neuronal-specific guanine nucleotide exchange 
factor, Ras-GRF/CDC25Mm, activates Ras signaling in 
response to Ca2+ influx and the activation of G-protein 
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coupled receptors, implicating Ras-GRF dependent 
signaling in neurotransmission and plasticity. In col-
laboration with E. Sturani (Milano, Italy), we had gen-
erated mice lacking Ras-GRF. Homozygous mutants 
show severe deficits in certain aspects of learning and 
memory. Ras-GRFmutants do not learn to fear and 
avoid aversive stimuli in classical Pavlovian tasks that 
require the function of the amygdala. Electrophysio-
logical measurements in the basolateral amygdala 
revealed that long-term plasticity was abnormal in 
mutant mice. In contrast, Ras-GRF mutants behave 
normally in spatial learning tasks like the Morris water 
maze, a test known to require hippocampal function. 
Consistent with apparent normal hippocampal func-
tions, Ras-GRF mutants show normal NMDA receptor- I 
dependent long-term potentiation (Brambilla et al., 
1997). 
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We are interested in how protein kinases transduce the 
signals initiated at the cell surface to intracellular tar-
gets involved in cell regulation. As a biological system 
we are mainly using Xenopus oocytes, which have pro-
vided us with considerable information on intracellu-
lar signaling and cell cycle control. Xenopus oocytes are 
naturally arrested at the G2/M border of the first mei-
otic prophase. Incubation of the oocyte with proges-
terone triggers meiotic maturation, which involves 
germinal vesicle breakdown (GVBD), chromosome 
condensation, and formation of the metaphase spindle. 
The mature oocyte, or egg, remains arrested at 
metaphase of meiosis II until fertilisation. Protein 
phosphorylation is known to playa major role in the 
maturation of frog oocytes, and some of the protein 
kinases activated during oocyte maturation are also 
involved in somatic cell proliferation and differentia-
tion. In contrast with these processes, however, prog-
esterone-induced maturation is independent of tran-
scription, but requires de novo translation of specific 
maternal mRNAs stored in the oocyte. The final steps 
in oocyte maturation involve the activation of matura-
tion-promoting factor (MPF), which initiates mitosis by 
phosphorylating many structural and regulatory pro-
teins. 

Novel proteins involved in oocyte 
maturation 

Protein synthesis inhibitors block progesterone-
induced maturation of Xenopus oocytes. The Mos pro-
tein kinase is one of the proteins whose translation 
from maternal mRNA is known to be required for the 
activation of MPF, but in addition to Mos, de novo syn-
thesis of other proteins is also required for proges-
terone-induced oocyte maturation (Nebreda et al., 
1995). We are interested in the identification and char-
acterisation of novel proteins that, upon progesterone 
stimulation, are synthesised de novo from the pool of 

maternal mRNAs stored in the oocytes. For this pur-
pose, we have isolated polysome-bound mRNAs from 
untreated and progesterone-stimulated oocytes and 
then analysed the mRNAs using PeR-based 
Differential Display protocols. We have cloned 178 
cDNAs, of which about 60% do not have homologies to 
DNA sequences in the databases. Among the rest of the 
clones, which are related to known proteins, we found 
21 clones that correspond to previously cloned Xenopus 
cDNAs. Importantly, this group includes Mos, cyclin 
B4, wee1 and cdk2, which are all proteins known to be 
synthesised de novo during progesterone-induced 
maturation. This indicates that our Differential Display 
screening can identify mRNAs whose translation is 
upregulated during oocyte maturation and we there-
fore expect that some of the unidentified clones may 
also have a role in the process. We are now planning to 
use alternative approaches such as Reverse Northern 
analysis to confirm the mRNAs that are upregulated 
and so avoid possible false positives from the original 
screening. In the cases where the cDNAs encode 
known proteins, we will use available antibodies to 
directly investigate changes in the levels of the corre-
sponding proteins during maturation. 

Role of the p42Mpk1 MAP kinase pathway 

Mos is an efficient activator of the p42Mpk1 MAP kinase, 
via direct phosphorylation of the corresponding MAP 
kinase kinase (Nebreda & Hunt, 1993; Nebreda et al., 
1993; Posada et al., 1993; Shibuya & Ruderman, 1993), 
and activation of p42Mpk1 appears to be required for 
Mos to induce Xenopus oocyte maturation (Kosako et 
al., 1994). Moreover, activation of p42Mpkl can trigger 
the activation of MPF in the absence of progesterone 
stimulation. We are using two approaches to find out 
how p42Mpk1 can trigger the meiotic maturation of 
oocytes. One approach is to look for protein kinases 
that may phosphorylate and modulate the activity of 

91 

I 



EMBL 1997 Research Reports 

known upstream regulators of MPF such as the 
Cdc25C phosphatase or the Wee 1 and Mytl kinases 
(see below). The other approach is to look for physio-
logical substrates of p42Mpkl in oocyte maturation. In 
this regard, we are working on the characterisation of 
the p90Rsk protein kinase which is a substrate for 
p42Mpkl and is known to form a complex with inactive 
p42Mpk1 , but its function during oocyte maturation 
remains unknown. p90Rsk has two catalytic domains, 
an N-terminal domain '(01) which is responsible for 
the phosphorylation of exogenous substrates, and a C-
terminal domain (02), whose function is not clear but 
may be involved in autophosphorylation. We have 
found that the 02 domain alone can associate with and 
be phosphorylated by p42Mpkl and we have also iden-
tified the region in p90Rsk_02 that is responsible for the 
interaction with p42Mpkl. Furthermore, ectopic expres-
sion in Xenopus oocytes of 02 but not 01 or the full 
length p90Rsk can uncouple p42Mpk1 and MPF activa-
tion in response to progesterone and significantly 
delay the induction of meiotic maturation. To investi-
gate how 02 exerts its inhibitory effect we have intro-

Figure 1 

Meiotic maturation of Xenopus oocytes. Maturation is 
marked by the appearance of a white spot at the animal pole 
of oocytes. 
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duced several mutations both in full length p90Rsk and 
in p90Rsk_02 and we are studying the ability of these 
mutant proteins to interact with p42Mpk1 as well as 
their effect in meiotic maturation. 

A link between. the p42Mpk1 MAP kinase and 
the activation of pre-MPF 

MPF is stored in Xenopus oocytes as an inactive com-
plex (pre-MPF) consisting of cyclin B and the 
p34cdc2protein kinase. The activation of pre-MPF 
requires dephosphorylation of p34cdc2 on Tyr15 and 
possibly also Thr14 by the Cdc25C phosphatase, an 
event that probably requires both the activation of the 
Cdc25C phosphatase and the inhibition of the kinases 
such as Wee1 and Mytl that phosphorylate p34cdc2 on 
Tyr15 and Thr14. Wee1, Mytl and Cdc25C all become 
heavily phosphorylated during oocyte maturation, 
although the enzyme(s) responsible for these phospho-
rylations remain to be identified. We have prepared 
fusion proteins containing different regions of Cdc25C, 
Wee 1 or Mytl and have used the recombinant proteins 
as substrates to analyse Xenopus cell-free extracts frac-
tionated by conventional chromatographic techniques. 
We have found a kinase of about 90 kOa that specifi-
cally binds to and phosphorylates bacterially produced 
Mytl protein. Using specific antibodies this kinase has 
beEn identified as p90Rsk, a protein kinase that is phos-
phorylated and activated by p42Mpk1 . p90Rsk phospho-
rylates several serines at the C-terminal regulatory 
domain of Mytl, but it cannot phosphorylate the regu-
latory regions of either Wee1 or Cdc25C. Mytl and 
p90Rsk also interact in a yeast two-hybrid system, sug-
gesting a direct association between the two proteins. 
The interaction between p90Rsk and Mytl is strongly 
enhanced by the hyperphosphorylation that normally 
accompanies the activation of p90Rsk. Since p90Rsk is 
activated at the same time as p42Mpk1, our results sug-
gest that during oocyte maturation p42Mpk1 activates 
p90Rsk and that this kinase in turn downregulates the 
p34cdc2 inhibitory kinase Mytl, thus leading to the acti-
vation of MPF (p34Cdc2 / cyclinB). 

The p38Mpk2 MAP kinase 

In the course of our studies on the role of MAP kinases 
in Xenopus oocytes, we cloned a new MAP kinase that 
we refer to as p38Mpk2 (Rouse et ai., 1994), which is 50% 
identical to p42Mpk1 and lies in a different signalling 
pathway. p38Mpk2 is specifically activated by the MAP 
kinase kinase MKK6/SKK3 (Cuenda et ai., 1996) both 
in vitro and in Xenopus oocytes. Three more p38Mpk2-

like MAP kinases (60-70% identical) have been identi-
fied in vertebrates: SAPK3/p38y and 
SAPK4/p388. All of them can be also activated by 
MKK6. We have found that ectopic expression in 
Xenopus oocytes of some MKK6 mutants efficiently 
activated p38Mpk2 but not SAPK3/p38y. In contrast, a 



constitutively active MKK6 mutant activated with 
equal efficiency both p38 MAPKs. The same results 
were obtained in vitro using either MKK6 immunopre-
cipitates or bacterially-produced MKK6 recombinant 
proteins. Moreover, expression in oocytes of different 
levels of constitutively active MKK6 differentially acti-
vated either p38Mpk2 alone or both p38Mpk2 and SAPK3. 
We also found that the preferential activation of 
p38Mpk2 by MKK6 correlated with stronger binding of 
MKK6 to p38Mpk2 than to-SAPK3. These results suggest 
that the level of MKK6 activator triggered by a given 
stimulus can determine the pattern of downstream p38 
MAPKs being activated in the particular response. This 
may be regulated by the stability of the complexes 
between MKK6 and the p38 MAPK, which is likely to 
be an important factor when there are limited amounts 
of activator available. 

We have also observed that micro injection of MKK6 in 
oocytes induces a significant acceleration of proges-
terone-induced maturation and we are currently inves-
tigating the interplay between the p42Mpk1 and p38Mpk2 

MAP kinases in oocyte maturation. 

To complement the biochemical studies in Xenopus 
oocytes we have also generated p38Mpk2 knock-out 
mice, which should allow us to test the importance of 
this MAP kinase cascade for various cellular responses. 
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The growth and patterning of vertebrate embryos are 
intimately linked, and different types of peptide 
growth factors (PGF) have been implicated in control-
ling these determinative processes. Undetermined 
embryonic cells receiving signals respond either by 
continued proliferation or by changes resulting in 
determination and subsequent differentiation. My 
research group studies embryonic pattern formation 
following two major lines of investigation. First, taking 
advantage of existing mutations which disrupt growth 
and patterning of the vertebrate limb bud, we study 
how PGF signals are transduced by responding em-
bryonic cells. Secondly, we genetically study the multi-
faceted functions of one particular type of PGFs, 
fibroblast gtowth factor-2 (FGF-2), which is expressed 
wiq.ely during embryonic pattern formation. These 
studies aim at understanding how FGF-2 serves differ-
ential functions during the morphogenesis of embry-
onic structures. Furthermore, we are in the process of 
unraveling the unique and shared functions of the dif..: 
ferent FGF-2 protein isoforms. 

Genetic control of vertebrate limb pattern 
formation 

Evidence that formin has the function of 
transducing the SHH signal 

Epithelial-mesenchymal signaling controls various 
aspects of growth and patterning in vertebrate 
embryos. In particular, the developing limb is a system 
of paradigmatic value and has tremendously helped to 
identify and study the molecular basis of embryonic 
growth and patterning processes. Vertebrate limb mor-
phogenesis is coordinately controlled by signals from a 
posterior mesenchymal organiser (called polarising 
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region) and the ectodermal apical ectodermal ridge 
(AER). A positive feedback loop operating between 
Sonic Hedgehog (SHH, expressed by the polarising 
region) and FGF-4 (expressed by the posterior AER) 
controls proliferation and patterning of the autopod 
(digits) together with most 5' members of the HoxD 
and -A gene clusters. My group studies these mecha-
nisms using the mouse limb deformity (ld) mutation as a 
model. The ld mutation disrupts the epithelial-mes-
enchymal interactions controlling patterning of distal 
limb structures. We have previously shown that the 
disrupted gene encodes formin, a predominantly 
nuclear protein that interacts with signal transduction 
cascades. Genetic and embryological analysis shows 
that the SHH/FGF-4 feedback loop is disrupted due to 
defective mesenchymal signaling. Our ongoing analy-
sis shows that formin functions in the mesenchymal 
cells responding to the SHH signal. In particular, pro-
duction of a secondary mesenchymal signal, which 
induces FGF-4 in the AER in response to SHH, is dis-
rupted in ld mutant limb buds. Using mouse limb bud 
cultures, we are currently analysing the molecular 
hierarchies of these signaling cascades. For example, 
cells expressing candidate signaling molecules (e.g. 
SHH, BMPs) are grafted into ld mutant limb buds to 
study signal transduction and potential rescue of the 
disrupted signal(s). The aim of these studies is not only 
to place formin in the mesenchymal cascades control-
ling limb pattern formation, but to identify the mes-
enchymal signal which polarises the AER and induces 
FGF-4. Our most recent studies suggest that this signal 
is not BMP-2, as previously suggested by experiments 
in chicken limb buds. Most importantly, our studies 
support models suggesting that the primary SHH sig-
nal acts on neighbouring mesenchymal cells and is 
"relayed" to distant cells and the AER by secondary 
signals, rather than acting as a long range signal. 



Formin (ld) and Gli3 (Xt) control posterior 
identity and position the polarising region 

Colinear activation of HoxD genes located at the 5' end 
of the cluster (5' HoxD genes) is one hallmark of estab-
lishing posterior limb bud identity in vertebrate 
embryos. Successive activation during limb bud initia-
tion results in posterior restriction and nesting of the 
early 5' HoxD the polarising 
region is established and expression of the SHH sig-
naling molecule is activated at the posterior limb bud 
margin. Our analysis of single and double homozy-
gous embryos carrying mutations in Gli3 (Extra-toes, 
Xt) and formin (ld) shows that these two genes are part 
of the genetic mechanisms that control these determi-
native steps during limb bud emergence. Studies by 
others have shown that the Xt mutation is a polydacty-
lous loss-of-function mutation disrupting the mouse 
Gli3 gene, which results in the establishment of a late 
ectopic anterior SHH domain during autopod forma-
tion. Both formin and Gli3 are expressed in the limb 
bud mesenchyme. Our genetic studies show that Gli3 
is essential for posterior restriction of 5' HoxD genes 
during colinear activation. Furthermore, genetic inter-
action of Gli3 with formin positions the Shh expressing 
polarising region cells at the posterior limb bud mar-
gin. This genetic interplay of positive (formin/ld) and 
negative regulation (Gli3/Xt) also controls the transi-
tion from early to late 5' HoxD domains. Interestingly, 
Gli3 and formin participate in the differential regula-
tion of 5' HoxD from HoxA paralogues in limb buds, 
which indicates that recruitment of their functions may 
have been a important step during evolution of tetra-
pod limbs. Indeed, Xt;ld double homozygous limbs 

Figure 1 

FGF-2 controls neuronal migration during cerebral cortex 
development. A, B: Distribution of FGF-2 proteins in the 
developing mouse brain (embryonic day 15) as detected by 
whole mount antibody staining. A: Wild type embryonic 
brain. FGF-2 proteins (in black) are present in the develop-
ing cerebral cortex (CC), mid-brain (MB), cerebellum (Cb) 
and spinal cord (SC). B. Embryonic brain of an FGF-2 defi-
cient litter mate. Note the complete absence of FGF-2. C, D: 
Development of cerebral cortex is impaired in FGF-2 defi-
cient mice. C: Organisation of the wild type cerebral cortex 
at birth. The six layers (VI to 1) appear morphogenically dis-
tinct (top) and pyramidal neurons have differentiated in 
layer V (bottom). D: In FGF-2 deficient mice, cortical layers 
are compressed and disorganised (top) and fewer pyramidal 
neurons are apparent (bottom). 
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display very rudimentary digits with little or no appar-
ent antero-posterior identities, indicative of a possible 
atavistic nature of the observed limb phenotypes. 

FGF-2: An experimental paradigm to study 
the multifaceted functions of FCFs during 
embryogenesis, cell differentiation and adult 
physiology 

Essential roles during eNS development 

Peptide growth factors (PGFs) such as FGFs have both 
instructive and permissive functions during embryon-
ic development and several family members, including 
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FGF-2, have been implicated in the epithelial-mes-
enchymal interactions controlling limb development. 
FGF-2 is expressed by various embryonic tissues in 
addition to limb buds, such as somites, kidneys and the 
neural tube during patterning and growth. Four FGF-2 
protein isoforms are created by alternate translation 
initiation (three FGF-2 isoforms) and alternative splic-
ing of the first coding exon (altFGF-2 isoform). During 
embryogenesis, the three FGF-2 isoforms are co-
expressed, whereas the aHFGF-2 protein is differential-
ly distributed. To study the essential FGF-2 functions, 
we have inactivated the three canonical FGF-2 iso-
forms by deleting their first coding exon using homol-
ogous recombination in the mouse. FGF-2 deficient 
mice are born alive and develop to adulthood, but 
morphological analysis reveals cerebral cortex defects 
at birth: numbers of pyramidal neurons are drastically 
reduced. Developmental studies show that migration 
and differentiation of specific neuronal sub-popula-
tions are impaired and for the first time have demon-
strated an essential function of FGF-2 in cell migration 
during cerebral cortex patterning. Furthermore, we 
have recently discovered neuronal defects in other 
brain regions and the spinal cord. Physiological and 
pharmacological studies (in collaboration with H. 
Ehmke, University of Heidelberg) have revealed an 
autonomic dysfunction in blood pressure reflex control 
in FGF-2 deficient mice. Adult FGF-2 deficient mice are 
hypotensive and might provide an excellent model to 
study neuronal regulation of blood pressure. As FGF-2 
is expressed at high levels in the embryonic spinal cord 
and early neural crest cells, it is likely that the neuronal 
deficiencies are due to patterning defects. Therefore, 
one of our main aims is to identify the primary cellular 
defects resulting in these autonomic defects. 

Possible autocrine functions of FGF-2 in 
podocyte cyto-differentiation and/or function 

We have previously shown that FGF-2 proteins accu-
mulate in the nuclei of differentiating podocytes and 
neurons during embryogenesis. Our most recent stud-
ies show that during the postmitotic differentiation of 
podocytes, FGF-2 expression is about 5-10 fold up-reg-
ulated, and proteins become predominantly nuclear, 
suggesting important roles in their differentiation 
and/ or function. Despite the fact that kidneys of FGF-
2 deficient mice develop normally, our ongoing studies 
provide evidence for a low incidence of glom-
erosklerosis (in collaboration with W. Kriz, University 
of Heidelberg). Therefore, we have generated condi-
tionally immortalised podocyte cell-lines from wild-
type and FGF-2 deficient mice. Their initial analysis 
reveals a block in the post-mitotic differentiation of 
podocytes from FGF-2 deficient mice in culture. 
Ongoing cell-biological analysis reveals severe defects 
in cytoskeletal re-arrangements during the onset of 
post-mitotic differentiation and process formation. 
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Taken together, these studies for the first time indicate 
possible essential functions of autocrine acting 
(nuclear) FGF-2 isoforms in the regulation of cell dif-
ferentiation and/or the maintenance of cyto-architec-
tt.).re. 
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The c-Src and c-Abl protein tyrosine kinases are ubi-
quitous in higher organisms; they participate in a vari-
ety of cellular functions and have oncogenic counter-
parts. c-Src and c-Abl activity is tightly controlled in 
the cell. We are studying regulation of these enzymes, 
with the goal of controlling their activity experimental-
ly and elucidating basic regulatory mechanisms that 
may apply to other protein kinases as well. 
Understanding these prototypic enzymes may allow 
us to decode the intricate cellular tyrosine phosphory-
lation circuits. 

A fundamentally different role for the SH2 
and SH3 domains in the regulation of Src 

Chicken c-Src is the first cellular protein tyrosine 
kinase described and has been studied extensively 
over the years. N-terminal of the protein's catalytic 
domain, Src has two small modular domains capable 
of protein-protein interactions called SH2 and SH3 
domains. Cellular c-Src is mainly regulated by the 
phosphorylation of a tyrosine residue at the end of the 
catalytic domain (Tyr527). Phosphorylation of this 
residue by the Csk tyrosine kinase represses the activi-
ty of Src. We have studied the structural components of 
Src necessary for activity and regulation by mutagene-
sis and functional assays in S. pombe, in mammalian 
cells and in vitro. We have also collaborated with John 
Williams and Albert Weijland, in the laboratory of Rik 
Wierenga (Structural Biology Programme, EMBU, 
who have determined the crystal structure of chicken 
Src purified from S. pombe in the Tyr527-phosphorylat-
ed, inactive conformation. The crystal structure was 
used as a guide for further mutational analysis of the 
intramolecular interactions. 

In the structure, the SH3 and SH2 domains of Src are 
located in "back" of the catalytic domain (opposite of 
the substrate and ATP-binding site). The "tail" contain-
ing the phosphorylated tyrosine residue (Tyr527) 
reaches over to the SH2 domain and binds to it. The 
SH3 domain binds to the region linking the SH2 
domain to the catalytic domain (SH2-CD linker) in a 
three-partite sandwich involving the small lobe of the 
catalytic domain. In this conformation, the inactivity of 
Src is dual: the catalytic activity is repressed by the 
misplacement of residues important for catalysis, and 
the SH2 and SH3 domains are unavailable for interac-
tions with other proteins. We have identified mutations 
affecting each of the involved surfaces (the tail and 
SH2 domain, the SH3 domain, the SH2-CD linker, the 
catalytic domain) that severely impair or abolish regu-
lation, indicating that contribution of each interaction 
is crucial. 

To understand the mode of action of these mutations at 
the molecular level, we have tested the accessibility of 
the SH3 and SH2 domains in the different mutants. 
Surprisingly, we found that Src activity correlates with 
displacement of the SH3 domain, but not necessarily of 
the SH2 domain, from their respective intramolecular 
engagements. Therefore, it is the SH3 domain-mediat-
ed interactions that are primarily responsible for inhi-
bition of Src activity. Moreover, our results imply that 
SH3 and SH2 domain engagements may be relatively 
independent of each other. We therefore propose that 
there may be different types of protein complexes and 
signaling pathways in which Src participates in the 
cell, some involving the SH2 domain and others not. 
Using Src chimeras, we have been able to detect a 
cross-talk between the SH3 domain and the C-helix in 
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the catalytic domain (largely mediated by the SH2-CD 
linker). While interaction of TyrS27 with the SH2 
domain is necessary to assemble the regulated confor-
mation in the first place, activity is determined by the 
cross-talk of the SH3 domain and the C-helix. Binding 
of the SH3 domain influences the position of the C-
helix in such a way that the enzyme becomes inactive. 
On the other hand, active forms of Src (such as those 
phosphorylated at Tyr416 in the catalytic domain) have 
a displaced SH3 domain and are less prone to regula-
tion. Therefore, not only the protein interaction poten-
tial of Src affects its catalytic activity-but also the state 
of activity of the enzyme determines the protein inter-
action potential of the enzyme. Because of these prop-
erties, c-Src is ideally suited to integrating signals 
derived from the interaction with other proteins and 
from protein phosphorylation. 

c-Abl is regulated by intramolecular SH3 
domain interactions just like Src 

The c-Abl protein tyrosine kinase is homologous to Src 
and has the same arrangement of SH3 and SH2 and 
kinase domains. The main difference from Src is that 
Abl does not contain the C-terminal regulatory tyro-
sine, but instead has a big C-terminal domain encoded 
by a single exon (last exon domain). The activity of c-
Abl is tightly regulated in vertebrate cells. Several 
mutations can activate Abl and convert it into an onco-
gene. In humans, chromosomal translocations result in 
fusion proteins associated with chronic myelogenous 
leukemias and some acute lymphocytic leukemias. 
Deletion of the SH3 domain activates Abl and renders 
it oncogenic, indicating that the SH3 domain exerts an 
inhibitory function. Experiments that we did on the 
SH2-CD linker of Src made us reinvestigate the role of 
the SH3 domain in regulation of the cellular human c-
Abl catalytic activity. We found that portions of the 
linker of Src could be substituted with portions of the 
corresponding region of Abl without impairing regula-
tion. We therefore set out to test the hypothesis that the 
SH3 domain of Abl would bind to the SH2-CD linker 
and the catalytic domain of Abl and inhibit the activity 
of Abl just as in Src. Using the crystal structure and the 
mutational data of Src as a reference, we mutated spe-
cific residues in the Abl SH3 domain, the SH2-CD link-
er and the catalytic domain, all predicted to be 
involved in intramolecular interactions. Mutations in 
each of these three elements activated Abl. Mutations 
in the linker caused a conformational change in the 
molecule and increased binding of the SH3 domain to 
peptide ligands. Individual mutations of two charged 
residues in the SH3 and catalytic domain activated Abl, 
while inhibition was restored in the double reciprocal 
mutant. This represents intragenic complementation 
and is very strong evidence for SH3 domain-mediated 
intramolecular interactions. Thus, the elusive cellular 
inhibitor of c-Abl activity may not bind to the SH3 
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Figure 1 

Depiction of the inactive, regulated forms of the c-5rc and 
c-Abl protein tyrosine kinases. The 5rc drawing is based 

. on the crystal structure, while the Abl figure is a specula-
tion based on our data on the intramolecular interaction of 
the 5H3 domain (see Barilci and 5uperti-Furga, 1998). 
While in 5rc, phosphorylation of the tail is the prelude for 
assembly of the intramolecular interactions, we are trying 
to determine what is required to assemble the 5H3 
intramolecular interactions of Abl. 

c-Src c-Abl ! 

domain at all, as had been widely assumed, but may 
instead be a protein (or a protein complex) allowing 
Abl to acquire or maintain the intramolecular SH3 
domain interaction. Candidate proteins would be con-
formational chaperones or prolyl isomerases. We are 
currently trying to characterize these factors using bio-
chemical and genetic approaches. We propose that reg-
ulators of Abl will have opposite effects on Abl activi-
ty, depending on their ability to favor or disrupt these 
intramolecular interactions. 

Effectors of c-Abl 

To study c-Abl activity in a cellular environment likely 
to lack specific regulators, we have expressed human c-
Abl in S. pombe. Here c-Abl causes growth arrest fol-
lowed by death of the cells. An domain deletion 
mutant of Abl is as active as c-Abl in yeast, indicating 
that the inhibitory effect of the SH3 domain observed 
in vertebrate cells is mediated by factor(s) that are 
absent or non-compatible in yeast. In a first screen for 
human cDNAs able to counteract the lethal effect of c-
Abl, we have identified a novel protein which we call 
SIA113 (SIA = Sequences Inhibiting Abl), able to 
strongly inhibit the activity of Abl and of Src in yeast. 
SIA113 as well as its full-length form binds to Abl in 
vitro and in celllysates. When co-expressed with Abl in 



mammalian cells, however, pI60SIAll3 enhances, rather 
than inhibits, the activity of Abl and also causes Abl to 
change its ability to phosphorylate endogenous pro-
teins. This suggests the possibility that p160SIAll3 acts 
as an anchoring protein for Abl. 

During our studies on Abl regulation (see above), we 
have generated alleles of Abl that are highly active but 
have otherwise preserved the structure of the mole-
cule. We are using these new alleles to identify cellular 
substrates of Abl. 
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DEVELOPMENTAL BIOLOGY PROGRAMME 

Developmental biology is concerned with how the body patterns of multicellular animals are designed and con-
structed. The life of a multicellular animal starts from a single haploid cell, the egg, which shortly after fertilization 
begins to divide to make the embryo. Developmental biologists wish to understand how the genetic information is 
used to make the many different types of cells in the embryo and to organize them in a coherent body pattern. 

Communication between cells is a central feature of the developmental process. Exchange of information between 
cells is needed to coordinate cell fate choice, to control growth and morphogenesis. A major focus of research in the 
Programme concerns the nature of these cell signaling mechanisms. What are the signals? How do cells receive and 
interpret them? How do signals elicit short-term changes in cell behavior and long-term changes in the program of 
gene expression that makes cells different from one another? Work in Drosophila, C. elegans and frogs, fish and mice 
has shown that the signaling molecules and the molecular mechanisms by which the signals are transduced have 
been conserved in evolution. Several groups in the Programme study how cells communicate. Approaches include 
signal transduction biochemistry, the genetic analysis of signal transduction mechanisms in mice and flies, gene dis-
covery and analysis of gene function in vertebrate embryos as well as studies of how signals affect cell fate specifi-
cation, cell behavior and morphogenesis in vivo. 

A concern with cellular mechanisms is an increasingly important focus of the Developmental Biology Programme. 
What do individual cells do and how do they work together? Research in this area includes studying how asym-
metries are generated at the single cell level and how such asymmetries control gene expression at the subcellular 
level. Another focus of interest on cellular phenomena concerns how individual cells and groups of cells coordinate 
their movement. Understanding the cellular and molecular basis for these cell behaviors in simple model systems 
will help us to understand the vastly more complex morphogenetic processes that shape the body during embry-
onic development 
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Pattern formation is the process by which cells in the 
developing animal embryo acquire information about 
their prospective fate, and through which the body 
pattern of the adult animal is generated. Experimental 
embryologists in the early part of this century formu-
lated the idea that the embryo is built through a coop-
erative process of cell interaction. Most influential 
among these studies was the "organizer" experiment 
of Spemann and Mangold, demonstrating that one 
group of cells possesses an organizing activity that can 
reprogram the developmental fates of other cells and 
can thereby specify formation of a secondary body axis 
in the embryo. Recent work from several laboratories 
has applied the molecular genetic approaches available 
in Drosophila to the question of how pattern organizing 
centers are established and how they function to spec-
ify cell fate and to control growth. 

The adult appendages of Drosophila develop from 
imaginal discs. The discs are established in the embryo 
as small clusters of epithelial cells which proliferate 
and organize the spatial pattern of the adult 
appendages during larval development. An early step 
in imaginal disc patterning involves the formation of 
developmental boundaries that subdivide the discs 
into functionally distinct sub-regions, known as com-
partments. Several years ago, we and others showed 
that short-range interactions between cells in adjacent 
compartments induces the formation of organizing 
centers that pattern the limbs (Diaz-Benjumea & Cohen 
1993, Cell, 75, 741; Basler & Struhl, 1994, Nature, 368, 
208). Subsequent work has focused on understanding 
the mechanisms by which the organizing centers influ-
ence the fates of nearby cells to specify pattern and 
control growth. The compartment boundaries serve as 
the source of secreted signals that act at long-range to 
pattern the limbs. Wingless is the signal provided by 
the DV boundary and Dpp, a BMP signaling protein, is 
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the signal provided by the AP boundary (Diaz-
Benjumea & Cohen, 1995, Development, 121, 4215; 
Zecca et al., 1995, Development, 121, 2265). Wingless 
and Dpp act as morphogens to specify cell fates along 
the AP and DV axes of the wing in a concentration-
dependent manner (Lecuit & Brook et a/., 1996, Nature, 
381, 387; Nellen et al., 1996, Cell, 85, 357; Zecca et al., 
1996, Cell, 87, 833; Neumann & Cohen, 1997). 

Proximal-Distal axis formation in the 
Drosophila leg 
(T. Lecuit) 

This work showed that Wg and Dpp act together as 
morphogens for the proximal distal (PD) axis of the 
leg. The combined action of the two signaling proteins 
is required to induce a series of target genes in discrete 
circular domains along the PD axis of the leg. The local 
concentration of both signals is directly responsible for 
setting the size of these expression domains. In addi-
tion, we showed that growth of the disc plays a central 
role in generating the final overlapping pattern of these 
expression domains. (Lecuit & Cohen, 1997) 

Evolutionary origin of insects wings from 
ancient respiratory appendages 
(M. Averof) 

Two hypotheses have been proposed for the origin of 
insect wings. One holds that wings evolved by modifi-
cation of pre-existing branches already present in 
multi-branched ancestral appendages. A second pro-
poses that wings arose as evolutionarily novel out-
growths of the body wall, not directly related to preex-
isting limbs. If wings derive from dorsal structures of 
multi-branched appendages, we expect that some of 
their distinctive features will have been built on genet-
ic functions that were already present in the structural 



progenitors of insect wings, and in homologous struc-
tures of other arthropod limbs. This work made use of 
the nubbin and apterous genes as markers to reveal the 
origin of different branches of the multi-branched crus-
tacean appendages. Their expression patterns support 
the hypothesis that insect wings evolved from gill-like 
appendages that were Mready present in the aquatic 
ancestors of both crustaceans and insects. (Averof & 
Cohen, 1997) 

Long-range action of Wingless organizes the 
DV axis of the Drosophila wing 
(C Neumann) 

This work showed that Wingless acts as a morphogen 
to pattern the DV axis of the wing. Wingless acts direct-
ly at a distance to define the spatial domains of target 
gene expression in a manner that depends on its local 
concentration. (Neumann & Cohen, 1997) 

A Hedgehog activity gradient contributes to 
AP axial patterning of the Drosophila wing 
(M. Strigini) 

This work showed that Hedgehog acts as a morphogen 
to directly pattern the central region of the wing 
Hedgehog acts directly at a distance to define the spa-
tial domains of target gene expression in a manner that 
depends on its local concentration. By expressing 
Hedgehog as a non-secretable transmembrane protein, 
Maura showed that Hedgehog can act directly only on 
adjacent cells. Thus the normal action at a distance 
must depend on a Hedgehog gradient. (Strigini & 
Cohen, 1997). 

Cell cycle progression, growth and 
patterning in imaginal discs 
(K. Weigmann) 

Imaginal discs increase in size about 1000-fold during 
larval development, and the disc cells are instructed to 
acquire distinct fates. Growth and patterning are coor-
dinated by organizing molecules like Wg and Dpp. 
The significance of cell divisions for these processes 
was addressed using a temperature-sensitive Cdc2 
allele. Inactivation of Cdc2 kinase converts the imagi-
nal division cycles into endoreduplication cycles. 
While cell divisions are inhibited, DNA-replication 
continues and we found that cell growth and overall 
patterning processes continue to a surprisingly normal 
degree. The mechanisms that regulate growth and pat-
terning, therefore, are not dependent on generation 
and intercalation of new cells. Rather, these mecha-
nisms appear to measure physical distance or tissue 
volume. (Weigmann et al., 1997) 

Developmental Biology Programme 
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The establishment of antero-posterior and dorso-ven-
tral polarity of the Drosophila embryo relies on the cor-
rect localization of maternally-provided determinants 
in the oocyte during oogenesis. One such determinant 
is oskar, which induces formation of the pole plasm, the 
germ plasm of Drosophila, at the posterior pole of the 
egg. The pole plasm contains the determinants of both 
the germline and of the abdomen, and is therefore cru-
cial to proper development of the embryo. During 
oogenesis, oskar is localized as an RNA to the posterior 
pole of the oocyte. oskar mutants and mutants in which 
oskar RNA remains unlocalized in the oocyte develop 
into embryos lacking an abdomen and a germline. 
Conversely, deliberate mislocalization of oskar to the 
anterior pole of the oocyte causes pole plasm assembly 
at the anterior; the resulting embryos develop an 
ectopic abdomen and functional germ cells in place of 
a head. Hence, oskar is both necessary and sufficient to 
induce pole plasm assembly. Furthermore, correct 
localization of oskar activity to the posterior pole is 
imperative to ensure proper establishment of antero-
posterior polarity. 

Expression of Oskar activity is regulated at 
multiple levels 
(F.-H. Markussen and A-M. Michon) 

Restriction of oskar activity to the posterior pole of the 
oocyte is critical for proper embryonic axis formation 
and germline specification. An effective way to achieve 
such a restriction is through the localization of oskar as 
an RNA to the posterior pole. However, since mislocal-
ization of oskar activity has such dramatic conse-
quences on development, tight control of oskar trans-
lation is also critical. We are studying the translational 
regulation of oskar and have shown that in mutants in 
which oskar RNA is not localized, no Oskar protein is 
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produced. Thus, translation of oskar RNA is coupled to 
its localization. In addition, Oskar protein is required 
for maintenance of oskar RNA at the posterior pole, 
suggesting feedback regulatory control of pole plasm 
induction. Pole plasm components that are recruited by 
Oskar, such as Vasa and Tudor, are also required for sta-
ble accumulation of Oskar, indicating that they may 
play a role in oskar translational control, or that an 
intact pole plasm is necessary for Oskar protein stabili-
ty. Finally, we have shown that there are several iso-
forms of Oskar protein: a long and inhibited form, and 
a short form which has full Oskar activity. Translation 
of the essential "short" Oskar isoform initiates from the 
second, internal, "in frame" methionine in oskar RNA, 
suggesting complex regulation at initiation. In addi-
tion, Oskar protein is phosphorylated and this phos-
phorylation depends at least in part on Vasa. We are 
examining the importance of this phosphorylation for 
Oskar activity. 

Localization-dependent translation of oskar 
(N. Gunkel, T. Yano and S. Castagnetti) 

The precise restriction of proteins to specific domains 
within a cell plays an important role in early develop-
ment and differentiation. An efficient way to localize 
and concentrate proteins is by localization of mRNA in 
a translationally repressed state, followed by activation 
of translation when the mRNA reaches its destination. 
Prior to its localization to the posterior pole via its 3' 
untranslated region (3'UTR), oskar RNA is translation-
ally repressed by Bruno protein, which binds to sever-
al regions within the 3'UTR. We have found that when 
the mRNA reaches the posterior pole, its translation is 
derepressed by an active process that requires a specif-
ic element in the 5' region of oskar mRNA This novel 
type of element is a translational derepressor element 



whose functional interaction with the previously iden-
tified repressor region in the oskar 3'UTR is required for 
activation of oskar mRNA translation at the posterior 
pole. The derepress or element only functions at the 
posterior pole, suggesting that a locally restricted inter-
action between trans-acting factors and the derepressor 
element may be the link between mRNA localization 
and translational activation. We also observe the spe-
cific interaction of two proteins with the oskar mRNA5' 
region; one of these also the 3' repressor ele-
ment. Future experiments will be aimed at under-
standing the mechanisms by which translational 
repression and derepression of oskar are effected, and 
at obtaining mutants in the genes encoding the RNA 
binding proteins that we have identified to test their 
involvement in localization-dependent translation. 

Dynamics of oskar RNA localization 
(J. Glotzer, in collaboration with R. Saffrich, 
Biochemical Instrumentation, and M. Glotzer, Cell 
Biology) 

Although many experiments indicate that both micro-
tubules and actin are involved in oskar RNA localiza-
tion, the mechanism by which oskar RNA is localized to 
the posterior pole of the oocyte remains largely 
unknown. To study oskar RNA localization, we devel-
oped a microinjection assay in which we could inject 
fluorescently labelled RNA into oocytes and watch its 
localization to the posterior pole. Our experiments 
indicate that microtubule-dependent cytoplasmic 
flows contribute to the long-range transport of oskar 
RNA, while microtubule-independent processes can 
mediate short-range transport. Our results highlight 
the importance of a localized anchor for oskar RNA in 
the localization process. 

Tropomyosin II is involved in oskar RNA 
localization 
(A-M. Michon) 

In a genetic screen designed to find germline determi-
nants, we identified the first specific cytoskeletal com-
ponent involved in oskar RNA localization. Females 
homozygous mutant in the cytoplasmic tropomyosin II 
(TmID gene produce embryos containing a reduced 
amount of pole plasm, sufficient to make the abdomen 
but not the germline. These develop into sterile but 
otherwise normal flies. Examination of the distribution 
of the pole plasm components in oocytes from 
homozygous TmII mutant females reveals that during 
early oogenesis, oskar RNA and its colocalizing partner, 
Staufen protein, are enriched in the oocyte as in the 
wild-type. However, oskar RNA and Staufen fail to 
become localized to the posterior pole of the mutant 
oocyte, accumulating at its anterior margin and even-
tually becoming delocalized throughout. Cytoplasmic 
tropomyosin is thought to interact with the actin net-
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work. We are continuing to investigate the role of 
tropomyosin and other cytoskeletal components in 
oskar RNA localization. 

Oocyte polarity depends on regulation of 
gurken by Vasa 
{P. Tomancak, A Guichet and P. Zavorszky) 

Another pole plasm protein is Vasa, a DEAD box 
mRNA helicase similar to eIF4A, which appears to reg-
ulate translation of oskar and nanos mRNAs. In a 
screen of a small collection of maternal effect sterile 
mutations, we identified a new vasa mutant in which 
oskar RNA is mislocalized to the center of the oocyte. To 
understand the basis of this defect, we have carried out 
a detailed analysis of Vasa function during early ooge-
nesis. We have found that vasa is required for the estab-
lishment of both anterior-posterior and dorsal-ventral 
polarity of the oocyte. The polarity defects of vasa 
mutants appear to be caused by a reduction in the I 
amount of Gurken protein at stages of oogenesis criti-
cal for the establishment of polarity. We have shown 
that Vasa is required for translation of gurken mRNA 
during early oogenesis. A variety of early oogenesis 
phenotypes observed in vasa mutant ovaries suggest 
that vasa also affects expression of other mRNAs. 

Identification of genes involved in oocyte 
determination and polarity 
(J. Mata) 

During oogenesis in Drosophila, a stem cell divides to 
produce a new stem cell and a cystoblast. The cysto-
blast divides four times with incomplete cytokinesis, 
producing a 16-cell syncytium, which is surrounded by 
a layer of somatic follicle cells. During oogenesis, one 
of the 16 germline cells develops into the oocyte, 
whereas the remaining 15 cells become nurse cells, pro-
ducing most of the molecules required for oocyte 
development. To understand the mechanisms that 
determine which cell becomes the oocyte, and to 
understand how oocyte polarity is established, we are 
carrying out new genetic screens for mutants in oocyte 
determination and polarity. 
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We are interested in the cell-cell interaction mediated 
mechanisms that lead to pattern formation during 
development, using the Drosophila compound eye as a 
model system. In the developing Drosophila eye, cell 
fates and patterning are determined by local interac-
tions among neighboring cells. Due to its repetitive 
structure of 800 identical unit eyes, or ommatidia (each 
comprising 20 cells that can be identified throughout 
development), the compound eye provides a unique 
system to study cell-cell interactions, patterning and 
differentiation with single cell resolution. 

Development of the eye can be subdivided into sever-
al distinct features. First, the morphogenetic furrow 
(MF), which is the earliest physical sign of patterning 
in the Drosophila eye, has to be induced and is marked 
by the expression of the decapentaplegic (dpp) gene, a 
member of the TGF-p/BMP family of cytokines. 
Secondly, each ommatidia 1 unit is assembled around 
the R8 precursor that is determined within the MF by a 
stereotyped sequence of inductive events. The induc-
tion of photoreceptor and accessory cells involves cell-
cell interactions that lead to the activation of signal 
transduction pathways and genes specifying the fate 
and differentiation of the respective cell types. R8 first 
recruits neighboring cells to form a precluster includ-
ing 4 other photoreceptors (R-cells), then additional 
cycles of induction follow to give rise to the full com-
plement of 8 R-cells and 12 non-neuronal accessory 
cells, e.g. the lens-secreting cone cells. Thirdly, the 
ommatidial preclusters become arranged within a field 
of planar polarity. In the eye, such planar polarity is 
reflected in the mirror-symmetric arrangement of 
ommatidial units relative to a dorso-ventral midline 
(the equator). This pattern is generated when imma-
ture ommatidia rotate 90° towards the equator and 
adopt opposite chiral forms depending upon whether 
they lie dorsally or ventrally. 

Initiation and progression of the I 
morphogenetic furrow 

The hedgehog (hh) signaling pathway is a conserved 
mechanism which acts in inductive processes in both 
vertebrate and invertebrate development to direct 
growth and patterning. Secreted Hh and Dpp proteins 
have been implicated in initiation and propagation of 
the MF (e.g. Strutt et al., 1995; Wiersdorff et al., 1996). 
The movement of the furrow is dependent upon the 
secretion of the signalling protein Hedgehog (Hh) by 
more posterior cells, and it has been suggested that Hh 
acts as an inductive signal to induce cells to enter a fur-
row fate and begin differentiation. Genetic interactions 
between pka, patched and hh indicate that Hh functions 
to activate dpp by causing an inhibition of Pka and 
Patched activity (Strutt et al., 1995). To further define 
the role of Hh in this process, we have analysed clones 
of cells lacking the function of the smoothened (smo) 
gene, which is required for transduction of the Hh sig-
nal and allows the investigation of an Hh autonomous 
requirement. These experiments demonstrate that the 
function of hh in furrow progression is indirect. Cells 
that cannot transduce the Hh signal are still capable of 
entering a furrow fate and differentiating normally. 
However, Hh is required to promote furrow progres-
sion and regulate its rate of movement across the disc, 
since the furrow is significantly delayed in smo- clones 
(Strutt and Mlodzik, 1997). 

The role of AP-l (Jun/Fos) during Drosophila 
development 
(in collaboration with D. Bohmann) 

Activation of Ras1 in precursor cells triggers their 
neuronal induction. D-jun (the Drosophila homolog of 
the proto-oncogene c-jun) is transiently expressed in 
photoreceptor precursor cells during the phase in 
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which they are competent to be induced as 
photoreceptors. Ras-mediated activation of Jun was 
mimicked by mutating the serine and threonine 
phosphorylation sites in Jun to aspartic acid residues. 
Expression of this "activated" Jun protein in cone cell 
precursors can induce photoreceptor fate 
independently of activation of the Ras pathway. 
Conversely, dominant negative Jun mutants expressed 
in specific precursor cells cause loss of photoreceptors 
and the transformation Of cone cells to R7 neurons-
elicited by a constitutively activated Ras pathway-is 
suppressed in the presence of these Jun mutants (Treier 
et al., 1995). 

Two ETS domain proteins containing nuclear phos-
phorylation targets of Ras have also been implicated in 
R7 induction: Pointed (Pnt) and Yan, as positive and 
negative regulators of R7 fate, respectively. Jun inter-
acts with Pnt in a co-operative manner on the same 
promoter, and this Jun/Pnt mediated synergistic acti-
vation is antagonized by Yan. In addition, phyl, a puta-
tive transcriptional target of Ras activation in R7 induc-
tion, is a dominant suppressor of activated Jun (Treier 
et al., 1995). Based on these interactions, we have used 
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Progression of the morphogenetic furrow 

The temporal progression of the furrow (MF) is achieved by 
expression and secretion of Hedgehog (Hh) in differentiating 
photoreceptor precursors. Hh in turn causes inactivation of 
PKA (and possibly also Patched) in cells anterior to the dif-
ferentiating field. Smo is a candidate gene for the Hedgehog 
receptor based on molecular and genetic criteria. Inactivation 
of PKA leads to a derepression of dpp transcription and the 
induction of a MF and differentiation. This in turn leads to 
novel hh expression and the circle will repeat itself and push 
the furrow more anteriorly. This process is repeated multiple 
times over a period of two days, eventually pushing the MF 
all across the eye disc epithelium from posterior to anterior. 
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a genetic screen to identify other nuclear components 
of this cell fate decision that interact with Jun or are 
potential target genes. 

In parallel, endogenous loss-of-function jun mutants 
were generated and molecularly characterized. Their 
phenotypic analysis in embryogenesis indicates that 
Jun is required for dorsal closure, a morphogentic cell 
sheet movement during embryogenesis. Like basket 
(bsk) and hemipterous (hep) that encode Jun activating 
kinases, JNK and JNKK, respectively, mutants in jun 
show dorsal holes indicative of a failure of the cell 
elongations and cell sheet movements of the dorsal clo-
sure process. Embryos lacking Jun activity exhibit a 
dorsal closure phenotype, very similar to that of bsk 
and hep mutants, indicating that Jun is a target of 
Hep/Bsk signaling. In eye and wing development Jun 
participates in a separate signaling pathway that is 
comprised of Ras, Raf and the ERK-type kinase Rolled 
(see above). In contrast to Jun's necessity in dorsal clo-
sure, its role in the eye is redundant but can be uncov-
ered by mutations in other signaling components. 
Surprisingly, in eye development, jun- clones have a 
mild phenotype (infrequent photoreceptor loss and 
minor polarity defects, see below), indicating that its 
function is redundant (Kockel et al., 1997). 

The second AP-l component, Fos, maps cytologically 
close to the previously identified dorsal closure mutant 
kayak. We have found that kayak encodes D-Fos, the 
Drosophila homolog of the mammalian proto-oncogene 
product c-Fos. D-Fos is shown to act similarly to 
Drosophila Jun: in the cells of the leading edge it is 
required for the expression of the 
Decapentaplegic (Dpp) protein, which is believed to 
initiate the cell shape changes that take place during 
dorsal closure. Defects observed in mutant embryos 
and adults with reduced Fos expression are reminis-
cent of phenotypes caused by loss-of-function muta-
tions in the Drosophila JNKK homolog hemipterous. 
These results indicate that D-Fos is required down-
stream of the Drosophila JNK signal transduction path-
way, consistent with a role in heterodimerization with 
D-Jun to activate downstream targets such as dpp 
(Zeitlinger et al., 1997). Unlike jun mutants, the avail-
able strong los/kayak alleles do not appear to yield 
clones in developing eye and wing tissues, suggesting 
that Fos might be required for cell proliferation in later 
stages of Drosophila development. 

The role of the Rho subfamily of small 
GTPases in Frizzled mediated planar 
polarity signaling 

A new focus in the lab has been the role of the Rho 
subfamily: Rho, Rac and Cdc42. We identified RhoA 
mutant alleles that affect eye development (the RhoA 
null alleles are cell lethal) and these allowed us to 



analyze its specific requirements in this process. RhoA 
is required in the generation of tissue polarity, affecting 
both ommatidial rotation and chirality (as well as other 
typical planar polarity aspects in wing and other 
imaginal tissues). These phenotypes are not only 
visible in clones of hypomorphic alleles, but also 
following expression of dominant negative protein 
forms in the appropriate tissues and time. Interestingly, 
among the other genes found to be specifically 
involved in this process are frizzled (Fz, a seven-pass 
transmembrane protein), dishevelled (dsh, implicated 
also in wingless signaling) and nemo (a putative 
member of the MAP kinase family). Our genetic data 
using activated and dominant negative forms of these 
proteins indicate that Rho acts downstream of Frizzled 
in a signaling pathway regulating tissue polarity. We 
also have genetic evidence that RhoA and Rac act 
downstream of Dishevelled in Fz signaling and that 
JNK/SAPK-like kinases are involved (Strutt et al., 
1997). Recent experiments have demonstrated that Dsh 
acts as an upstream activator of JNKs in the planar 
polarity pathway. These data are consistent with a 
Fz/RhoA/Rac signaling cascade analogous (at least in 
part) to the yeast pheromone signaling pathway, and 
the one proposed for activation of SRF in vertebrate 
cells. Current research is directed towards identifying 
other components of this novel signaling pathway by 
employing genetic modifier screens with activated 
isoforms and biochemical approaches. 

Strikingly, phenotypes elicited by activated Jun and 
Fos exhibit, besides extra photoreceptors, polarity 
defects. This suggests that the AP-1 transcription factor 
complex is also involved in polarity generation, consis-
tent with a JNK (Jun N-terminal Kinase) cascade acting 
downstream of Dsh in the planar polarity pathway. It 
is interesting to note that several of the modifiers of 
activated Fz or Rho/Rac are also modifiers of activated 
Jun, and thus could represent common effectors in pla-
nar polarization. Tissue culture experiments and 
assays in transgenic animals are being used to define 
their function in vivo at the cellular level and biochem-
ically. 

Rasputin, the Drosophila homologue of the 
RasGAP SH3 binding protein, functions as a 
positive regulator in Ras-mediated signaling 

The small GTPase Ras plays an important role in many 
cellular signaling processes. Ras is negatively 
regulated by GTPase activating proteins (GAPs). 
RasGAP may also function as an effector of Ras 
activity. We have identified and characterized rasputin 
(rasp), the Drosophila homologue of the RasGAP-
binding protein G3BP. In vivo studies reveal that 
Rasp/G3BP is required as a positive effector in Ras-
mediated signaling during embryogenesis and eye 
development, also establishing an effector role for 
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Schematic model of the planar polarity pathway 

Planar polarity is generated by activation of the Frizzled 
receptor (probably by a Wnt family protein) that transduces 
the signal via Dishevelled and Rac/RhoA GTPases to a JNK-
type kinase cascade. The Dishevelled protein is capable (by 
yet unknown mechanisms) of distinguishing between its 
activation from Frizzled or the related Dfz2 receptor, and it 
can then mediate activation of two distinct downstream sig-
naling cascades. The Arm-TCF aspect of Wg/DFz2 signal-
ing is not required for planar polarity generation. 

RasGAP. Mutations in rasp/G3BP genetically interact 
with components of the Ras signaling pathway that 
function above the level of Ras and Ras itself, but not 
with the downstream Raf/MAPK pathway 
components. These genetic interactions indicate that it 
functions upstream or independent of the Raf/MAPK 
cascade. rasp also has anterior-open and ommatidial 
polarity phenotypes, similar to the small GTPases of 
the Rho subfamily (see above), and it interacts with 
RhoA genetically. These data suggest that Rasp may act 
as a link between Ras and Rho signaling pathways. 
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Muscleblind, a gene required for 
photoreceptor differentiation in Drosophila, 
encodes novel nuclear Cys3His-type zinc 
finger containing proteins 

Svp is expressed and required in outer photoreceptors 
R1/6 and R3/4 (these cells are transformed to R7 in 
svp-) and encodes an orphan steroid receptor. In flies 
carrying the sevE-svp transgene, Svp is ectopically 
expressed in R7 and the" cone cells, which causes the 
transformation of these cells to Rl-6 or R7 depending 
on the transgene dosage. Using this phenotype as an 
assay, we have performed genetic screens for modifiers 
of Svp function and have isolated the embryonic lethal 
gene muscleblind (mbl) as a suppressor of the sev-svp2 
eye phenotype. Analysis of clones mutant for mbl dur-
ing eye development shows that it is autonomously 
required for photoreceptor differentiation. Mutant cells 
are recruited into developing ommatidia and initiate 
neural differentiation, but they fail to properly differ-
entiate as photoreceptors. Molecular analysis reveals 
that the mbl locus is large and complex, giving rise to 
multiple different proteins with common N-terminal 
sequences but different carboxy termini. Mbl proteins 
are nuclear and share a Cys3His zinc finger motif 
which is also found in the TIS11 /NUP475 /TTP family 
of proteins and is highly conserved in vertebrates and 
invertebrates. Functional analysis of mbl, the observa-
tion that it also dominantly suppresses the sE-JunAsp 

gain-of-function phenotype, and the phenotypic simi-
larity to mutants in the photoreceptor specific glass 
gene suggest that mbl is a general factor required for 
photoreceptor differentiation (Begemann et al., 1997). 
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GENE EXPRESSION PROGRAMME 

In spite of the fact that the departure of David Tollervey reduced the Programme's size by one group, 1997 was a 
good year for the Programme. Many of the groups made substantial new discoveries contributing to a lively, some-
times even hectic, and stimulating atmosphere for research. With minimal personnel changes, there was no marked 
redirection of our research efforts; nevertheless, there were several unexpected surprises. 

Among those was the discovery of the "exosome". This came about through investigation of mutant yeast unable 
to correctly form the 3' end of 5.8S ribosomal RNA. The gene whose mutation was responsible for this defect is an 
exonuclease. However, it does not function alone. Instead it is part of an oligomeric protein complex consisting of 
several different exonucleases with diverse reaction mechanisms. The genes encoding the components of this com-
plex are all essential for yeast growth. Furthermore, some of the nucleases only function when incorporated into the 
complex. Additional investigation revealed that the complex not only has a function in pre-rRNA processing, but is 
also involved in maintaining mRNA turnover. The complex appears to be conserved in humans, and is expected to 
playa general and important role in gene expression through regulating RNA stability. 

In relation to pre-mRNA splicing, observations produced by two different groups contributed further surprises. One 
group identified a protein component of the yeast Ul snRNP, as part of a larger collaborative project that defined 
several novel Ul snRNP components, that has the extremely interesting property of affecting Ul snRNP association 
with the 5' splice site through an interaction with a non-conserved region of the intron. Such behaviour will affect 
the choice and efficiency of splicing of different introns differentially, and its discovery has obvious implications for 
the way we think about modes of splicing regulation. 

The second group has been investigating the regulation of alternative splicing of pre-mRNAs whose encoded pro-
tein products are responsible for sex determination in Drosophila. A single protein, Sex-lethal (SXL), is responsible 
for controlling the splicing of several genes that function in this pathway. New information has led to the surpris-
ing conclusion that SXL controls three individual splicing events by distinct mechanisms. In addition, collaboration 
between two of the groups in the programme shows that SXL also regulates translation of at least one mRNA in the 
cytoplasm in addition to its nuclear functions in splicing. 

SXL has the type of structure found in proteins of the hnRNP class. Until very recently, these proteins were all 
believed to function in the cell nucleus. In addition to SXL, work in the programme identified two additional ver-
tebrate hnRNP-type proteins that function in translation regulation. These two have the mechanistically fascinating 
property of affecting translation initiation at the mRNA 5' end from their binding sites in the mRNA 3' UTR. They 
are not the only proteins to "span the message" in carrying out their function. Factors bound to the poly A trail at 
the 3' end of yeast mRNAs were shown to have a complex stimulating effect on translation initiation in this organ-
ism. 
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A very pleasing event was the coming of age of an ambitious strategy to control transgene expression in a spatial-
ly and temporally-regulated manner by making use of ligand-regulated DNA recombinases. This extremely chal-
lenging goal has been pursued over the last five years by one group in the programme, who built their strategy 
through experiments in E. coli, yeast, mammalian cultured cells and have now taken the final step to a whole mam-
mal, the mouse. The strategy has worked efficiently and accurately, and the approach is sure to find a large and 
diverse set of applications. 

The same group has also developed a second set of methods by which they can manipulate very large DNA mole-
cules to create insertions; deletions, rearrangements etc. without the use of the standard enzymatic tools of molec-
ular biologists. The usefulness of these methods again will lie in genetic manipulation of multicellular organisms. 
Here, the rate of producing a transgene or knock-out construct is often limited by the necessity of producing a very 
large DNA clone of the correct structure. The new methodology promises to relieve this problem. 

The group working on the role of the Oct-4 transcription factor in producing the totipotent phenotype made two 
important new observations. First, they provided evidence for a new role of the protein in the control of meiotic 
onset or the cell cycle state of germ cells. Second, they described the first "downstream" gene of Oct-4, a component 
of the extracellular matrix that is expressed early in embryogenesis and is thought to have a role in embryonic cell 
movement. The detailed structure of a regulatory complex formed on a DNA sequence involved in controlling 
expression of this gene was analysed, and found to be of a new type. 

Chromatin remodeling is another ongoing interest in the Programme, and here the breakthrough was in identify-
ing and purifying a complex of proteins whose function is in chromatin remodeling, allowing the components of 
the transcription and replication machineries access to the packaged DNA. The function of this complex depends 
on ATP hydrolysis and, perhaps surprisingly, at least two different complex components are ATPases. Current top-
ics are what tells this complex where to act on chromatin and the mechanism by which it converts chemical energy 
into remodeled chromatin. 

Finally, considerable progress was made in deciphering the mechanism by which RNAs are exported from the 
nucleus to the cytoplasm. Aside from identifying export receptors that carry different classes of RNA substrate, a 
general mechanism by which these receptors can sense whether they are in the cytoplasm or nucleoplasm was 
defined. This mechanism is critical in giving directionality to nuclear and import processes; it relies on the small 
GTPase Ran. 
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The chromatin organization of eukaryotes evolved not 
only to cram DNA into the nucleus, but also to store 
the genetic information in a neat and tidy manner. Just 
as you keep the book you are currently reading handy 
on the bedside table, the instructions to your computer 
in the drawer of your desk-accessible in an emer-
gency-and old schoolbooks in a suitcase in the base-
ment, those genes whose activity is needed continu-
ously or rapidly in an emergency are kept accessible, 
while information that is not used by a particular cell 
will be locked away. This filing system based on acces-
sibility is established by several layers of chromatin 
organization which inactivate most of the higher 
eukaryotic genome. Gene activation requires a selec-
tive unraveling of repressive chromatin structure to 
allow the transcription machinery to interact produc-
tively with regulatory sequence elements. It comes as 
no surprise that this early step in gene activation, 
where repressive structures are rendered permissive, is 
highly regulated. The fundamental unit of chromatin, 
the nucleosome, is targeted by a number of mecha-
nisms. Nucleosome-associated DNA can be rendered 
accessible by the partial disassembly of nucleosomes in 
reversion of the assembly process; by post-translation-
al, site-specific modification of histones, notably their 
acetylation; as well as by ill-defined, energy-consum-
ing "remodeling" reactions. We are interested in how 
the dynamic properties built into nucleosomes are reg-
ulated, in the factors that are dedicated to modifying 
chromatin structure, and in the underlying mecha-
nisms of those structural transitions that give rise to 
distinct functional states. 

The biochemical analysis of chromatin 
structure and dynamics 

A cell-free system for chromatin reconstitution derived 
from Drosophila embryos is the basis for all our stud-
ies. The system allows the assembly of chromatin with 
high complexity on any kind of DNA under physio-
logical conditions, a useful model for native chromatin. 

Using a combination of psora len crosslinking and elec-
tron microscopy, we recently verified in collaboration 
with F. Wellinger and Jose Sogo (ETH Zurich) that 
chromatin reconstitution in this system yields nucleo-
some densities resembling those of nuclear chromatin 
(Nightingale et al., 1998). The Drosophila extracts are not 
only very active in chromatin assembly, but are also I 
rich in DNA repair activity (Gaillard et al .. , 1997). We 
frequently employ solid phase methodology to recon-
stitute, purify and analyse chromatin. The coupling of 
linear DNA with one end to paramagnetic beads 
allows the fast and non-disruptive purification of the 
chromatin sample from complex reaction mixtures 
(Blank et al., 1997). The chromatin assembly system can 
be modified to assemble chromatin with distinct prop-
erties. Notably, it can be reprogrammed to assemble 
chromatin from exogenously provided histones 
(Krajewski & Becker, 1998, Nightingale et al., 1998). In 
the future, we would like to reconstitute chromatin 
from recombinant his tones carrying defined mutations 
at important sites. 

Acetylation of histone H4 renders chromatin 
accessible and active 

Acetylation of nucleosomes at specific sites in the N-
termini of histone H4 has been correlated with particu-
lar functional states in nuclei. The realisation that a 
number of bona fide transcription regulators possess 
intrinsic histone acetyltransferase activity tightly 
involved in transcriptional activation, and the identifi-
cation of a corresponding number of repressors which 
target deacetylase activity to promoters, have prompt-
ed models whereby the targeted acetylation of nucleo-
somes renders nucleosomal promoters accessible to 
transcription factors. However, as more and more non-
histone targets for these acetyltransferases become 
known, the question arises as to whether acetylation of 
histones (as opposed to transcription factors) is causal 
in gene activation. 
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We have used the cell-free system to reconstitute chro-
matin with high acetylation levels of histone H4 (but 
little acetylation of H3) and compared this chromatin 
both structurally and functionally to chromatin with 
low levels of histone acetylation, but equal nucleosome 
density. Chromatin containing highly-acetylated H4 
resembles the control chromatin in many respects. 
However, it is more sensitive to digestion with DNase 
I (a general measure of accessibility of DNA), and his-
tone/DNA interactions are altered such that the acety-
lated nucleosomes restrain DNA much less tightly 
(Krajewski & Becker, 1998). An hsp26 promoter, our 
model for transcription by RNA polymerase II, is tight-
ly repressed when assembled in control chromatin, but 
active in acetylated chromatin (Nightingale et al., 1998). 
Histone acetylation affects transcription at the level of 
initiation, by facilitating the interaction of Heat Shock 
Factor, a crucial regulator of heat shock gene transcrip-
tion in chromatin (Sandaltzopoulos & Becker, 1998). 

CHRomatin Accessibility Complex 
(CHRAC), a nucleosome mobifizer 

Monitoring activities that increase the accessibility of 
chromatin globally at the expense of energy (in the 
form of ATP), we purified a multi-enzyme complex 
from crude embryo extracts. CHRAC, the chromatin 
accessibility complex, is a 670 kDa, 5-subunit molecu-
lar machine. CHRAC activity will increase the accessi-
bility of chromatin towards restriction enzyme cleav-
age, but will also facilitate the interaction of more rele-
vant proteins with chromatin. In the presence of 
CHRAC, large T antigen is able to interact with and 
trigger replication from a nucleosomal SV 40 origin 
(collaboration with V. Alexiadis and C. Gruss, 
Alexiades et al., 1998). 
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Interestingly, CHRAC alone does not disrupt the 
integrity of chromatin visibly; on the contrary, under 
certain conditions it improves the quality of chromatin 
by acting as a "nucleosome spacing factor". The assem-
bly of regular nucleosomal arrays, a hallmark of phys-
iological chromatin, is a 2-step process. In a first, ATP-
independent reaction, nucleosomes are assembled onto 
DNA. In a second, energy-consuming step, the regu-
larity of the nucleosomal array is improved through 
the even "spacing" of the nucleosomes. CHRAC will 
catalyse the spacing of nucleosomes and therefore will 
contribute to the assembly of regular chromatin. 
CHRAC may do this by "mobilising" nucleosomes on 
DNA (Figure 1A). If nucleosomes were rendered flexi-
ble to move on DNA, the likelihood that a particular 
DNA sequence becomes exposed in the accessible link-
er DNA between the nucleosome cores would be 
increased and hence the DNA binding of proteins, such 
as restriction enzymes and the T antigen, would be 
facilitated (Figure 1A). Alternatively, CHRAC may 
affect reversible nucleosome assembly/disassembly 
reactions (Figure 18). 

CHRAC combines enzymes that modulate 
DNA topology and nucleosome structure 

In a very fruitful collaboration with the mass spec-
trometry group at EMBL (M. Wilm and M. Mann), we 
began to analyse the various subunits of CHRAC. The 
130 kDA subunit was identified as ISWI, an ATPase 
that is also part of two other chromatin remodeling 
complexes, NURF and ACF (purified in the Wu and 
Kadonaga labs, respectively). ISWI appears to be dedi-
cated to nucleosome remodeling processes in the con-
text of varying molecular environments. But not all fac-
tors that increase the accessibility of DNA in chromatin 
are also nucleosome spacing factors-several mecha-

ATP 
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Figure 1 

Two hypothetical scenarios by which 
CHRAC may render nucleosomal 
arrays dynamic. Tn (A) CHRAC 
alters histone/DNA interactions such 
that nucleosomes are able to move on 
DNA. In (B) CHRAC affects an equi-
librium between proper nucleosomes 
and partially disassembled, subnucle-
osomal particles. 



nisms exist to render chromatin accessible. CHRAC 
and NURF share the feature of nucleosome-stimulated 
ATPase activity, and we are currently expressing 
recombinant ISWI to see whether the ATPase itself, out 
of the context of the complex, responds to nucleo-
somes. 

Identification of the second largest subunit brought 
another surprise: it turned out that an active dimer of 
topoisomerase II was isolated with CHRAC and is 
associated with ISWI as evidenced by co-immunopre-
cipitation. Topoisomerase II is an abundant, ATP-con-
suming enzyme which is important for several aspects 
of chromosome structure and function. Its catena-
tion/ decatenation activity is required wherever entan-
gled DNA strands, e.g. after replication, need to be sep-
arated. The enzyme is also involved in changes of 
higher-order chromosome structure that accompany 
the condensation and decondensation of chromosomes 
during mitosis. Topoisomerase II binds DNA at pre-
ferred, AT-rich sequences and may have a role as a 
chromosomal scaffolding protein. 

The functional significance of the association of topo II 
with CHRAC is presently unclear. We would like to 
test three hypotheses: 1. topo II may be involved in 
nucleosome remodeling, since alterations of DNA 
topology may disrupt histone/DNA interactions. 2. 
Topoisomerase II may be involved in the targeting of 
the nucleosome remodeling machinery to specific 
chromosomal sites where CHRAC action might be 
required. The association of topo II might give a clue to 
the functional context in which CHRAC is active in 
vivo. 3. Topo II itself may profit from the association 
with a machinery that generates access to packaged 
DNA The interaction of topo II with chromatin may be 
as restricted as those of other DNA binding proteins 
and may therefore rely on nucleosome remodeling to 
find important targets. Needless to say, one of the main 
goals at present is the identification of the other 
CHRAC subunits. 
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In 1997, our understanding of mRNA translation 
advanced in several directions. Work on the function of 
the cap structure, the poly(A) tail and translation initi-
ation factor eIF4G centered around the rate-limiting 
step in translation, the recruitment of the small riboso-
mal subunit to the mRNA, and revealed unexpected 
properties of the poly(A) tail. Projects investigating 
translational control by specific mRNA-binding regu-
latory proteins illustrated the broad biological scope of 
translational control and, for the first time, uncovered 
one of the underlying regulatory mechanisms at the 
level of translation initiation factors. 

In addition, we are beginning to expand a second area 
of interest: the investigation of general, basic molecular 
mechanisms that bear relevance to human disease. 
Specifically, the mechanism underlying "nonsense-
mediated mRNA decay (NMD)" which occurs in 
numerous genetic diseases as a result of nonsense 
mutations, has been investigated. A second project 
explores the regulation of cellular iron metabolism by 
oxidative stress. We have identified a regulatory path-
way that may playa role in stress-induced cell injury 
and degeneration. 

eIF4G in ribosome recruitment 

Translation initiation factor (elF) 4G represents a 
critical link between mRNAs and 40S ribosomal 
subunits during translation initiation (Figure 1). It 
interacts directly with the cap-binding protein elF4E 
through its N-terminal part, and binds elF3 and eIF4A 
through the central and C-terminal region. To evaluate 
the role of the different domains of elF4G in ribosome 
recruitment, recombinant variants of human elF4G 
lacking the N-terminal domain were expressed, 
purified as GST-fusion proteins, and studied in cell-
free translation reactions. Both elF4G lacking its N-
terminal part (aa 486-1404) and the central part alone 
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(aa 486-935) exert a dominant negative effect on the 
translation of capped mRNAs. These polypeptides 
potently stimulate the translation of uncapped 
mRNAs. While this stimulation is cap-independent, it 
was found to depend on the accessibility of the mRNA 

cap 

poly-A 

cap + 
poly-A 

Figure 1 
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Recruitment of the small ribosomal subunit (405) to yeast 
mRNAs mediated by the cap structure, the poly-(A)tail, and 
translation initiation factors. Note the proposed role of 
eIF4G as a "ribosome adapter" between eIF4E or Pablp, 
respectively, and eIF3 bound to the 405 ribosomal subunit. 



5' end. These results revealed two unexpected features 
of eIF4G-mediated translation. First, the C-terminal 
eIF4A binding site is dispensable for activation of 
uncapped mRNA translation. Secondly, translation of 
uncapped mRNA in the rabbit reticulocyte in vitro 
translation system still requires 5' end-dependent 
ribosome binding. Current experiments aim to further 
explore the role of eIF4G as a "ribosome adapter" in 
mammalian and yeast cells. 

The cap structure and the poly(A) tail as 
translational promoters in yeast 

The mRNA poly(A) tail critically affects translation 
initiation and translational control in eukaryotes. By 
analogy to transcription initiation, the poly(A) tail has 
been described as a "translational enhancer" that 
augments the "translational promoter" activity of the 
cap structure. Its elongation or shortening serve as 
prime mechanisms to regulate translation during 
development. Employing cell-free and in vivo 
translation analyses in Saccharomyces cerevisiae 
spheroplasts, we found that the poly(A) tail can act as 
an independent "translational promoter" (Figure 1), 
delivering ribosomes to uncapped mRNAs even when 
their 5' end is blocked, and to internal translation start 
sites within the mRNA. Under conditions where 
mRNAs have to compete for ribosome binding, neither 
the cap structure nor the poly(A) tail alone suffice to 
drive efficient translation. However, together they 
synergize to direct ribosome entry to the 5' end. The 
cap structure thus fulfills the dual function of co-
promoting ribosome recruitment with the poly(A) tail 
and of directing recruited ribosomes to the 5' end. 
Correct initiation of codon choice and the function of 
translational regulators acting on the 5' untranslated 
region are thus ensured by the interplay of the poly(A) 
tail with the cap structure. Future experiments will aim 
to evaluate the role of the poly(A) binding protein 
Pab1p and eIF4G in this process. Furthermore, there is 
currently no cell-free translation system from animal 
cells that allows us to address the function of the 
poly(A) tail. We will attempt to establish such a system. 

Translational regulation from the 3' end 

In 1996, we found that the translational regulation of 
15-lipoxygenase (LOX) expression during erythroid 
cell differentiation is mediated by a CU-rich 
differentiation control element (DICE) in its 3' 
untranslated region and the KH (K homology) domain 
proteins hnRNP K and hnRNP E1 (Ostareck et ai., 
1997). In a reconstituted cell-free translation system, 
addition of recombinant hnRNP K and hnRNP E1 
recapitulated LOX mRNA silencing, even when the 
LOX mRNA was not polyadenylated, suggesting that 
this 3' end-mediated regulatory mechanism does not 
primarily act by interference with the stimulatory 
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function of the poly(A) tail. Assays that were 
developed to study the mechanism of 5' UTR-
mediated translational control of ferritin mRNA were 
adapted to studying 3' end-mediated translational 
regulation. With the necessary tools in hand, we are 
now in a position to gain more insight into this 
intriguing problem. 

Translational regulation from the 5' end: 
insights into IRP-mediated control 

Translational regulation by binding of iron regulatory 
proteins (IRPs) to iron responsive elements (IREs) in 
the 5' untranslated region of ferritin and other mRNAs 
controls vertebrate iron metabolism, and is perturbed 
in the autosomally dominant hyperferritinemial 
cataract syndrome. A single IRE located in proximity to 
the cap structure of ferritin H- and L-chain mRNAs is 
bound by IRP-1 or IRP-2 in iron-deficient cells to 
inhibit the association of the small ribosomal subunit 
with ferritin mRNA and thus to block the synthesis of 
the iron storage protein. To understand how IRP-1 
binding prevents the recruitment of the small 
ribosomal subunit, we devised a novel procedure to I 
directly examine assembled translation initiation 
intermediates and the binding of translation initiation 
factors (eIFs) on the regulated mRNA, called the 
"Translation Intermediate Purification" (TIP) assay. 
Using the TIP assay, we found that, unexpectedly, the 
cap binding complex eIF4F (comprising eIF4E, eIF4G, 
eIF4A) assembles even when IRP-1 is bound to the cap-
proximal IRE. This assembly is futile, however, 
because the bridging interaction between eIF4G and 
eIF3 which binds the small ribosomal subunit cannot 
be established in the presence of IRP-1 (Figure 2). 
These findings provide the first insight into the exact 
mode of translational control by an mRNA binding 
protein at the level of translation initiation factors, and 
uncover a key regulatory step in iron homeostasis. 

Furthermore, this mechanism is position-dependent: 
reporter mRNAs bearing IREs located more than 50 
nucleotides downstream from the cap structure were 
previously found to exhibit diminished translational 
control in transfected mammalian cells (Goossen and 
Hentze, 1992). To investigate the underlying 
mechanism, we have recapitulated the position effect 
in a rabbit reticulocyte cell-free translation system. We 
found that the 43S pre-initiation complex is recruited to 
the mRNA when IRP-1 is bound to a cap-distal IRE. 
Following 43S complex recruitment, the translation 
initiation apparatus appears to stall, before linearly 
progressing to the initiation codon. The slow passive 
dissociation rate of IRP-1 from the cap-distal IRE 
suggests that the translation apparatus plays an active 
role in overcoming the cap-distal IRE-IRP-1 complex. 
This activity appears not to be shared by all eukaryotic 
cells, as it is undetectable in extracts from yeast and 

117 



EMBL 1997 Research Reports 

plants. In contrast to initiating ribosomes, elongating 
ribosomes from mammalian, plant and yeast cells are 
unaffected by IRE-IRP-l complexes positioned within 
the open reading frame. These data shed light on the 
"position effect", a characteristic aspect of the IREjIRP 
regulatory system, and uncover properties of the 
initiating and elongating translation apparatus of 
eukaryotic cells. 

Utilizing information o'h the mechanism by which 
protein binding to cap-proximal sites regulates 
translation, we have devised a versatile, broadly-
applicable in vivo system for the analysis of RNA-
protein interactions in yeast (in collaboration with Ann 
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Figure 2 

The mechanism of translational control by IRP-1. 

Upper panel: Ribosome recruitment via the cap structure 
involves the depicted bridging interactions from the cap 
binding protein eIF4E via eIF4G and eIF3 to the small ribo-
somal subunit. 

Lower panel: Translational inhibition by IRP-1 binding to 
the IRE permits eIF4F (eIF4E, eIF4G, eIF4A) assembly, but 
prevents the bridging interaction between eIF4G and eIF3. 
The bound eIF4B is not depicted to avoid misleading impli-
cations regarding its interaction partners. Neither does this 
imply a 1:1 stochiometry between eIF4G and eIF4A binding. 

Atzberger from the Ansorge lab). TRAP (Translational 
Repression Assay Procedure) is based on the 
translational repression of a reporter mRNA encoding 
green fluorescent protein (GFP) by an RNA-binding 
protein for which a cognate binding site has been 
introduced into the 5' un translated region (UTR). Since 
protein binding to the 5' UTR can sterically inhibit 
ribosome association, expression of the cognate 
binding protein causes significant reduction in the 
levels of GFP fluorescence. We utilized two well-
studied RNA-protein interactions to demonstrate the 
specificity of TRAP as well as its ability to recover the 
cDNA encoding a specific RNA-binding protein which 
has been diluted 500,OOO-fold with unrelated cDNAs, 
using fluorescence activated cell sorting (FACS). TRAP 
thus offers a new strategy to clone RNA-binding 
proteins for which little else than the binding site is 
known, to delineate RNA sequence requirements for 
protein binding as well as the protein domains 
required for RNA binding, and to study effectors of 
RNA-protein interactions in vivo. 

Regulation from the 5' end by an integrated 
splicing/translation mechanism: Sex-Lethal 
and the msl-2 mRNA 

Male-specific expression of the protein Male-specific-
lethal 2 (MSL-2) controls dosage compensation in 
Drosophila. msl-2 gene expression is inhibited in 
females by Sex-lethal (SXU, an RNA binding protein 
known to regulate pre-mRNA splicing. An intron 
present at the 5' untranslated region (UTR) of msl-2 
mRNA contains putative SXL binding sites and is 
retained in female flies. In collaboration with Juan 
Valcarcel's group, we found that SXL plays a dual role 
in the inhibition of msl-2 expression. Cotransfection of 
Drosophila Schneider cells with a SXL expression vector 
and a reporter containing the 5' UTR of msl-2 mRNA 
resulted in retention of the 5' UTR intron and efficient 
accumulation of the unspliced mRNA in the 
cytoplasm, where its translation was blocked by SXL 
but not by the intron per se. Both splicing and 
translation inhibition by SXL were recapitulated in a 
rabbit reticulocyte cell-free translation extract, and 
found to be dependent upon SXL binding to high 
affinity sites within the intron, showing that SXL 
directly regulates these events. Our data reveal a 
coordinated mechanism for the regulation of msl-2 
expression: SXL enforces intron retention in the 
nucleus and subsequent translation inhibition in the 
cytoplasm (see Figure 2 the Valcarcel report). To dissect 
the responsible translational control mechanism, we 
prefer not to rely on a mammalian cell-derived 
translation system. We therefore intend to develop a 
Drosophila embryo translation system, which could 
also be very useful in studying other examples of 
translational regulation during Drosophila develop-
ment. 
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Binary specification of nonsense codons by 
splicing and translation 

Premature translation termination codons resulting 
from nonsense or frameshift mutations are common 
causes of genetic disorders. Complications arising 
from the synthesis of C-terminally truncated 
polypeptides can be avoided by "nonsense mediated 
decay" (NMD) of the mutant mRNAs. For example, 
premature termination 'Codons in the mRNA 
cause the common recessive form of 
when the affected mRNA is degraded, but the more 
severe dominant form when the mRNA escapes NMD. 
In collaboration with Andreas Kulozik's group at the 
Charite-Virchow Medical Center in Berlin, we 
demonstrated that cells distinguish a premature 
termination codon within the mRNA from the 
physiological translation termination codon by a two-
step specification mechanism. On the basis of our 
findings, we proposed a "binary specification model" 
by which the positions of splice junctions are first 

Figure 3 

Binary specification of nonsense codons by splicing and 
cytoplasmic translation for nonsense-mediated decay in 
mammalian cells. We suggest that exon-exon junctions (i.e. 
intron removal) are tagged during splicing [stippled circles}. 
Following export of the mRNA into the cytoplasm, the posi-
tion of the tag relative to the translation termination codon 
is interpreted by the translation apparatus. Nonsense-medi-
ated decay is initiated when a splicing tag is identified more 
than 50 nucleotides downstream from the translation termi-
nation codon [solid circle]. 
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tagged during splicing in the nucleus to define a stop 
codon operationally as a premature termination codon 
by the presence of a 3' splicing tag. In the second step, 
cytoplasmic translation is required to validate the 3' 
splicing tag for decay of the mRNA (Figure 3). This 
model explains nonsense-mediated decay on the basis 
of conventional molecular mechanisms and allowed us 
to propose a common principle for nonsense mediated 
decay from yeast to man. Current work aims at 
identifying trans-acting factors involved in mam-
malian NMD, and to characterize the nature of the 
translation-dependent complex that is required for the 
recognition of the "splicing tag." 

Regulation of iron metabolism by oxidative 
stress 

Iron regulatory protein-l (lRP-l), a central cytoplasmic 
regulator of cellular iron metabolism, is rapidly 
activated by oxidative stress to bind to mRNA iron-
responsive elements (IREs). The resulting intracellular 
redistribution of iron and the predicted increase in the 
redox-reactive free iron pool suggests roles of the 
oxidative stress-induced activation of IRP-l in the I 
pathophysiology of ischemia-reperfusion injury and 
Parkinson's disease. We have reconstituted the 
response of IRP-l to extracellular H20 2 in a system 
derived from murine B6 fibroblasts permeabilized 
with streptolysin-O (5LO). This procedure allows us to 
separate the cytosol from the remainder of the cells 
(cell pellet). IRP-l in the cytosolic fraction failed to be 
directly activated by addition of H20 2. IRP-l activation 
required the presence of a non-soluble, possibly 
membrane-associated component in the cell pellet. The 
5LO-based in vitro system faithfully recapitulated 
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characteristic hallmarks of IRP-l activation by H20 2 in 
intact cells. We showed that the H20 r mediated 
activation of IRP-l is temperature-dependent and 
sensitive to treatment with calf intestinal alkaline 
phosphatase. While IRP-l activation was unaffected 
when excess ATP and GTP were added to this in vitro 
system, it was negatively affected by the non-
hydrolyzable nucleotide analogs AMP-PNP and GMP-
PNP and completely blocked by ATP-"y5 and GTP-"y5. 
The in vitro reconstitution of this oxidative stress-
induced pathway has opened a new avenue for the 
biochemical dissection of the regulation of mammalian 
iron metabolism by oxidative stress. Our data identify 
a H20 2 sensor from which a signal must be transduced 
for activation of IRP-I. Future work is directed at 
further characterizing and ultimately purifying the 
H20 2 sensor and components of the signal 
transduction pathway. Furthermore, pharmacological 
intervention with this mechanism may offer a new 
therapeutic strategy in the treatment of ischemia-
reperfusion injury and Parkinson's disease. 
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RNA processing and transport 

Group Leader: L Mattaj 
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Predoctoral fellows: L. Englmeier, L Palacios* 

Visitors: J. Lewis*, C. Mazza*, M. Neumann* 

Assistants: C. Beisel*, M. Polycarpou-Schwarz, A. Segref* 

CBC, pre-mRNA splicing and 3' end 
formation 

Pre-mRNA processing involves several different enzy-
matic reactions including capping, splicing and 3' end 
formation by cleavage and polyadenylation. These 
processes can occur in isolation in vitro, but a consider-
able body of in vivo and in vitro data suggests that they 
normally occur in concert, with interaction between 
components of the different machineries leading to an 
increased efficiency of all of the events of pre-mRNA 
processing. This year, we have studied two aspects of 
this communication. The first involves CBC, the 
nuclear cap-binding complex. In a collaboration with 
the group of Greg Gilmartin (Vermont) we established 
a novel role for CBC. We had previously determined 
that CBC has a role in recognition of cap-proximal 
splice sites during formation of a splicing commitment 
complex. Our new data show that, in pre-mRNAs that 
lack introns, CBC has an analogous effect on the cleav-
age step of 3' end formation. Removal of CBC from 
HeLa cell nuclear extracts decreases the efficiency of 
AAUAAA-dependent cleavage, and the re-addition of 
recombinant CBC restores the effect. We are currently 
investigating whether this stimulation occurs via the 
same mechanism by which CBC stimulates splicing. 
Preliminary indications are that this is not the case. 

A second connection between splicing and 3' end for-
mation is the stimulation of splicing observed on sub-
strates that contain not only an intron but also, in cis, 
cleavage and polyadenylation signals. We had previ-
ously shown that the extreme carboxy terminus of poly 
A polymerase (PAP) was required for interaction with 
the Ul snRNP component, UIA protein. Unexpectedly, 
we now found that this same C-terminal region is 
required for the coupling observed between splicing 
and polyadenylation. For various reasons, it is unlike-
ly that this effect involves interaction between PAP and 
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UIA, and we are currently investigating the nature of 
PAP's partner in the coupling interaction. 

Nuclear export of RNA and protein 

The major focus of the year was on the identification of 
factors required for macromolecular export from the 
nucleus and characterisation of their mechanism of 
action. We took various approaches to the problem. 
First, in a collaboration with Nelly Pante (Basel) we 
examined the export of RNA conjugated to colloidal 
gold particles with the electron microscope. Second, 
we examined the role of hnRNP Al protein in export of 
mRNA from the nucleus. Although there has been an 
abundance of indirect evidence supporting a role for 
hnRNP Al in mRNA export, our work represents the 
most direct demonstration of this function to date. 

We made more progress in defining factors required 
for U snRNA and Rev protein export from the nucleus. 
These were based in part on observations made with 
Dirk Gorlich (ZMBH, Heidelberg). We demonstrated a 
requirement for nuclear Ran protein in the GTP-bound 
state for nuclear export of multiple substrates. Ran is a 
GTPase related to Ras that, due to the assymetric dis-
tribution of its regulators RCCl (Guanine nucleotide 
exchange factor) and RanGAPl (GTPase activating 
protein), is predicted to be in the GTP-bound state in 
the nucleus and the GDP state in the cytoplasm. We 
used this information to predict that Rev and U snRNA 
binding to their export receptor might require Ran 
GTP. 

Other data showed that Leptomycin B inhibited Rev 
and U snRNA export from the nucleus. Since it was 
known that the CRMl protein is the target for 
Leptomycin B in yeasts, we tested whether CRMl 
might be the export receptor for Rev protein and the U 
snRNAs. This turned out to be the case. CRMl binds 



directly to the Rev nuclear export signal (NES), but 
only in the presence of RanGTP. We are currently 
investigating the requirement for CRMI in U snRNA 
nuclear export. Specifically, we wish to know if there is 
a direct interaction between CRMI and CBC, since we 
know that both of these are required for U snRNA 
nuclear export. 

U snRNP import 

Finally, we returned to one of our old favourite topics, 
the mechanism of import of U snRNPs. Work from sev-
eral other laboratories had shown that a heterodimer of 
importin ex and importin mediates nuclear import of 
a class of proteins that carry short basic nuclear locali-
sation signals (NLSs). Furthermore, previous studies 
had demonstrated that NLSs that bind to importin ex 
do not compete for transport factors required by U 
snRNPs. It was therefore a surprise when we found 
that importin is required for in vitro import of U 
snRNPs in a permeabilised cell system supplemented 
with egg extracts. We are now searching for additional 
factors required for U snRNP import. 
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Oct-4 and the molecular biology of the germline 
and the early development of mammals 

Group Leader: H.R. Scholer 
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The developmental program of the germline in mam-
mals involves the early segregation of primordial germ 
cells from somatic lineages, their migration and their 
differentiation into two types of highly specialized 
cells, sperm and oocyte. Their fusion gives rise to a 
subsequent generation in which the germline cycle is 
renewed (Figure 1). Thus, the germline is unique in 
manifesting a developmental program of a cyclical 
nature and in being potentially immortal. As the poten-
cy of a cell is the total of all lineages into which it can 
develop, given the appropriate environment, cells con-
stituting the germline are totipotent because they can 
give rise to every lineage of an organism. Oct-4 belongs 
to the POU gene family and encodes the only known 
transcription factor likely to be involved in maintain-
ing the mammalian germline. This has been shown for 
the first lineage decision in mouse development. 
Homozygous Oct-4 deficient embryos do not develop 
beyond implantation. In the absence of Oct-4, cells are 
allocated normally to prospective trophectoderm and 
inner cell mass regions; however, the latter cells devel-
op into trophoblast cells. Our conclusion is that Oct-4 is 
required to maintain totipotency in the pregastrulation 
embryo and that its function is linked to the germline 
cycle (K. Anastassiadis in collaboration with the labo-
ratory of A. Smith, CGR, Edinburgh; Nichols et al., 
1998). 

The interest of the group centers around the regulatory 
basis for totipotency and the difference between 
germline and somatic cells. In studies using Oct-4 as a 
model, we search for factors involved in the establish-
ment and maintenance of the germline. These include: 

- a search for cis-acting regulatory elements and the 
trans-acting factors required for Oct-4 expression in 
the germline (K. Anastassiadis, N. Daigle, 
G. Fuhrmann, K. Hubner, M. Pesce, D. Stolarcyk); 
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identification of target genes of Oct-4 (Y. Botquin); 

the functional interactions of Oct-4 with other 
transcription factors (c. Butteroni, S. Dejgaard, 
K. Ohbo); 

structural analysis of Oct-4 (A. Remenyi). 

Regulatory elements and proteins required 
for Oct-4 expression 

The TAT A-less promoter of Oct-4 contains a set of well-
characterized sequences in a region which is identical 
in humans and mice. A GC box is crucial for promoter 
activity in cells of both the germline lineage and the 
epiblast. Previous studies have indicated that activa-
tion of the Oct-4 TATA-less promoter is mediated by a 
GC box representing a high affinity binding site for the 
transcription factors Spl and Sp3. We have analyzed 
Oct-4 expression in Spl and Sp3-deficient embryonal 
stem (ES) cells and Spl-deficient embryos (provided by 
S. Philips en and F. Grosveld, Rotterdam and G. Suske, 
Marburg). Oct-4 protein levels in both Spl and Sp3-
deficient ES cells were comparable to those of wt ES 
cells. Moreover, despite the impaired growth of Spl-
deficient embryos, Oct-4 expression was unaffected, 
suggesting that Spl is dispensable for Oct-4 gene activ-
ity in pluripotent embryonal cells prior to gastrulation. 
Transfection assays in Sp 1 -/ - ES cells demonstrated 
that the activity of the Oct-4 GC box was not increased 
by Spl and only slightly by Sp3. These results suggest 
either a compensatory function of these two transcrip-
tion factors during early development or the action of 
yet unknown factor(s) that instead may activate Oct-4 
and other genes in vivo (M. Pesce). 

Although only generally expressed factors bind to the 
GC box in vitro, promoter activity is restricted to cells 



expressing Oct-4. Oct-4 downregulation in the differ-
entiating epiblast may involve both the recruitment of 
specific repressors to the promoter/enhancer elements 
and general modifications of chromatin structure in the 
Oct-4 upstream region. A putative retinoic acid respon-
sive element that overlaps the Sp1/Sp3 site in the Oct-
4 promoter has been identified. We analyzed extracts 
of EC cells induced to differentiate by retinoic acid and 
found them to contain several transcription factors that 
bind this site in vitro. These complexes are thought to 
be composed of retinoic acid and nuclear orphan 
receptors that could repress Oct-4 transcription (G. 
Fuhrmann, D. Stolarcyk). 

Two enhancer elements drive Oct-4 expression at dif-
ferent embryonic stages and in embryonal stem cell 
lines representing cells from these stages. The distal 
enhancer (DE), is required for Oct-4 expression in 
morula, ICM, PGCs and is also active in ES cell lines. 
The proximal enhancer (PE) is required for expression 
in the epiblast and is active in epiblast-derived EC cell 
lines. In vivo footprinting assays had previously led to 
the identification of protected sites within the DE and 
PE that are likely to interact with transcription factors. 
Localization of binding sites now allowed the identifi-
cation of two candidate G-rich sequence binding fac-
tors which may playa role in the activation/repression 
of the two regulatory elements (K. Hubner). 

Differential expression of the Oct-4 
transcription factor during mouse germ cell 
differentiation 

In this study we analyzed the expression of Oct-4 pro-
tein in germ cells during oogenesis and spermatogene-
sis, from their embryonal proliferation stage through 
adult stages (Pesce et al., 1998A). We found that in 
female embryos, Oct-4 protein levels decreased during 
meiotic prophase I and increased again in oocytes 
within primary follicles and at the onset of oocyte 
growth and folliculogenesis. The analysis performed 
on the stages of male germ cell differentiation in 
embryonic, newborn and adult mice revealed that Oct-
4 is downregulated in undifferentiated spermatogonia 
prior to the entry into prophase I and is not expressed 
in the subsequent maturation stages of spermatogene-
sis. Thus in both sexes, Oct-4 undergoes downregula-
tion during oogenesis and spermatogenesis coincident 
with entry into meiosis. These results suggest a possi-
ble involvement of Oct-4 in the initiation of meiosis 
and in growth and acquisition of competence to 
resume meiosis in oocytes. 

Target gene regulation by Oct-4 and Sox-2 

By immunoprecipitation of covalently fixed chromatin 
from embryonal cell lines with Oct-4-specific antibod-
ies we have identified target genes of Oct-4 (Botquin et 
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al., 1998). One, the Osteopontin gene, expresses a pro-
tein that binds to cells displaying the and 

integrins on their surface and contains a GRGDS 
amino acid motif that is absolutely required for inte-
grin interaction (for references see Botquin et al., 1998). 
The formation of the hypoblast and its derivatives, 
parietal and visceral endoderm, within the preimplan-
tation embryo depends on interactions between the 
ECM and integrins. Furthermore, integrin deficien-
cy in mice results in ICM failure and peri-implantation 
lethality, indicating that integrin is required for 
preimplantation development. Osteopontin may bind 
to integrins in a way that selectively alters cell-cell 
adhesion properties. High levels of Osteopontin 
expression in the 4.0 dpc ICM and forming hypoblast 
could result in the loosening of cell-cell and cell-ECM 
contacts. 

The intron fragment of Osteopontin is enriched in Oct-
4 immunoprecipitates of crosslinked F9 EC cell chro-
matin. A short fragment within the intron contains 
DNA binding sites for Oct-4 and Sox-2 in close prox-
imity and is sufficient to drive expression of reporters 
in F9 EC <;:elllines. Sox-2 is a transcription factor that I 
contains an HMG box and is co expressed with Oct-4 in 
the early mouse embryo. HMG-box proteins are tran-
scription factors which functionally interact with POU 
domain proteins. The FGF-4 gene contains an octamer-
containing enhancer downstream of the coding region 
which has been shown to be synergistically activated 
by Oct-4 and Sox-2 in transient transfection assays. 

Because the F9 EC cell line shares many characteristics 
with cells of the preimplantation embryo, we have pro-
posed that Oct-4 and Sox-2 regulate expression of the 
Osteopontin gene during preimplantation stages of 
embryogenesis by binding to specific DNA sequences 
within the intron. Oct-4 mRNA is expressed at compa-
rable levels in cells of the morulae, in the ICM of blas-
to cysts and in the epiblast of day 5.5 and 6.5 embryos. 
In contrast, Osteopontin expression changes during 
these early stages of development. Weak Osteopontin 
expression is detected in the morulae. The highest 
expression level is observed in the ICM/hypoblast of 
day 4.0 and 4.5 blastocysts. After these stages, 
Osteopontin is downregulated. 

Sox-2 is one candidate for a modulator of Oct-4 trans-
activation in the postimplantation embryo. Sox-2 
expression varies in different embryonic cell types, 
which inversely correlates with the expression pattern 
of Osteopontin in these cells. In transient transfection 
studies in F9 EC cells, strong activation was achieved 
when the Sox-2 binding site was mutated within the 
intron fragment. Furthermore, cotransfection experi-
ments in differentiated cells indicate that Sox-2 can 
repress Oct-4 mediated activity in a dose-dependent 
manner. Repression requires Sox-2 binding to DNA 

125 



EMBL 1997 Research Reports 

and also depends on the carboxy-terminal region of 
Sox-2, which previously has been described as a trans-
activation domain. Repression of the Osteopontin 
enhancer by Sox-2 is in contrast to what has been 
shown for the FGF-4 3' enhancer, where Sox-2 stimu-
lates Oct-4 mediated activity. 

Varying the level or activity of Sox-2 and/or Oct-4 in 
embryonal cells is likely to result in altered expression 
of genes such as FGF-4 and Osteopontin. Changes in 
Oct-4, Sox-2 and Osteopontin expression levels that 
occur during differentiation of F9 EC cells are consis-
tent with the model of Oct-4 and Sox-2 interaction on 
the Osteopontin intron that was established from bind-
ing and transactivation data. Sox-2 levels decline rap-
idly while Oct-4levels decline more slowly during F9 
differentiation. Thus Sox-2 mediated repression of Oct-
4 activation is briefly relieved, resulting in the transient 
increase of Osteopontin expression. After 48 hours fol-
lowing RA treatment, Oct-4 is no longer expressed, 
which would likely result in low levels of Osteopontin 
mRNA production. 

The PORE: a novel Oct-factor regulatory 
element 

Osteopontin contains a novel Palindromic Oct factor 
Recognition Element (PORE) in the first intron, which 
is composed of an inverted pair of homeodomain bind-
ing sites which have to be separated by exactly 5 base 

Figure 1 

The germline cycle in the mouse. The 
Oct-4 gene is expressed in the totipotent 
stem cells of the pregastrulation mouse 
embryo, which give rise to all embryon-
ic somatic tissues and germ cells. 
During gastrulation its expression 
becomes restricted and finally is main-
tained only in the germ cell lineage. The 
germ cell lineage occurs at the mid-gas-
trula stage (7.2 dpcJ when a group of 
extraembryonic mesoderm cells acquire 
pec features. pecs stay in extraem-
bryonic localization until 8.5 dpc, when 
they are passively enclosed in the 
hindgut wall. Thereafter, pecs actively 
migrate to the gonadal anlagen. During 
this period they also proliferate until 
13.5 dpc. At puberty in both sexes, the 
maturation of oocytes and sperms leads 
to the production of mature haploid 
gametes. Fertilization gives rise to the 
next generation through the production 
of a totipotent zygote. 
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pairs to function (ATTTG +5 CAAAT). Transfection 
studies show that the PORE confers high activity in 
comparison to the octamer motif. Oct-1, Oct-2 and Oct-
6 proteins can homo- and heterodimerize with Oct-4 
on the PORE in a configuration that has not been 
described previously. 

The POU transcription factors contain a pair of closely 
and flexibly linked DNA binding domains that, in 
principle, have numerous possible modes of interac-
tions with substrate DNA (for references see Botquin et 
al., 1998). The POUs and POUHD domains can be sepa-
rated and bind DNA independently. Analyses of crys-
tals show that the POUs domain interacts with the 5' 
ATGC portion of the octamer motif and the POUHD 
with the 3' A/T-rich portion. The two domains bind to 
opposite faces of the DNA helix and contact the same 
base pairs at the center of the octamer motif, but do not 
interact directly. A second possibility is that the linker 
allows the POU protein to bind half sites in different 
orientations. This is demonstrated by the crystal struc-
ture of the Pit-1 POU domain on a palindromic recog-
nition site. Although folding of the two Pit-1 DNA 
binding domains and the docking of each domain onto 
DNA are very similar to what is observed in the Oct-1 
crystal, the relative orientation of the two domains in 
the two crystals is inverted. The Oct-1 POUs domain 
recognizes the GCAT half-site and the Pit-1 POUs 
domain binds a corresponding sequence GTAT. 
However, the latter motif lies on the opposite strand. 
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As a consequence, the orientation of POUs relative to 
POUHD is inverted. 

Cooperative binding by domains of two different POU 
protein molecules provides a second fundamentally 
different mode of POU protein-DNA interaction. In the 
Pit-l crystal, the repeat unit is a homodimer in which a 
dimerization interface is formed between the amino-
terminal part of POUHD helix 3 of one Pit-l molecule 
and the amino-terminal- end of POUs in the second 
molecule. Our data show that in vitro Oct-4 also forms 
a homodimer on DNA. However, mutagenic analysis 
of the binding site and computer modeling suggest 
that the Oct-4 dimer is different from the Pit-l dimer, 
illustrating yet a third means by which POU proteins 
can interact with specific DNA sequences (in collabor-
tion with G. Vriend, Biocomputing Unit). In contrast to 
Pit-I, which requires the palindromic arrangement of 
ATGTAT without any spacing, the Oct-4 dimer 
requires a palindrome of ATTTG with an exact spacing 
of 5 nucleotides. The second half site of the PORE is 
contained in the octamer motif, but specific binding of 
POUs to the ATGC sequence seems not to be required 
as shown by a mutational analysis. To determine the 
arrangement of both Oct-4 POU domains, the sequence 
of Oct-4 POU domain was modeled into the coordi-
nates of Oct-l POU domain. Because the POU domains 
of Oct-l and Oct-4 are extremely well conserved, it is 
likely that Oct-4 POU domain protein structure bound 
to DNA is similar to that of Oct-I. This was done first 
for the octamer motif, which overlaps with the second 
half site of the PORE and then extends to the other half 
site. The arrangement basically results from a point-
symmetrical flipping of the first Oct-4 POU molecule 
with respect to the second. In case of Oct-4, the amino-
terminus of POUHD (non-helical region between linker 
and helix 1) would interact with the carboxy-terminal 
part of POUs helix 1 and the loop between helices 1 
and 2. Thus, dimerization of Oct-4 on the PORE likely 
represents a new paradigm for POU protein-DNA 
interaction. 

This model predicts that several side chains will inter-
act with each other. The computer model of Oct-4 POU 
domain binding to the PORE predicts that Ile-21 of the 
POUs domain of one molecule is within 4 A of Ser-7 of 
the POUHD of the other molecule. Thus the molecules 
would be in very close proximity at one position on 
each side of the dimer. Phosphorylation of Ser-7 in the 
Oct-l POUHD inhibits binding to the octamer sequence 
in the H2B promoter (for references see Botquin et al., 
1998). DNA binding is also reduced in Thr-7 phospho-
rylation of the Pit-l POUHD, but the magnitude of the 
effect is dependent on the DNA sequence. Both Ser and 
Thr residues can be phosphorylated in vitro by protein 
kinase A and in vivo by a cell-cycle-dependent kinase. 
In the case of the Oct-4 dimer, phosphorylation of 
POUHD Ser-7 should interfere with dimer formation on 
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the PORE. Since Oct-I, Oct-2 and Oct-6 can also form a 
dimer on PORE, a reduction of dimer formation due to 
phosphorylation at position 7 of POUHD could be gen-
erally valid for all POU factors. In contrast, phospho-
rylation at position 7 should not interfere with Pit-l 
dimerization on the ATGTATATACAT sequence. 

Modulation of Oct-4 transcription factor 
activity by DNA viral oncogenes 

We want to identify cell type-specific factors that inter-
act with the Oct-4 protein to activate target genes. Our 
previous studies had suggested that factors interacting 
with Oct-4 exist in ES and EC cells and are absent in 
differentiated cells. The observation that Oct-4 can acti-
vate transcription from promoter-distal binding sites in 
embryonal cells, but requires the presence of the 13S 
adenoviral EIA gene product in differentiated cells, 
has led to the suggestion that a cellular activity analo-
gous to EIA exists in embryonal cells, and that Oct-4 
can be used to probe for this activity. Several groups 
have tried to identify "the" cellular EIA-like activity. 
Attempts to do this on the basis of sequence homology 
have failed. 

Based on our recent studies we suggest that not only 
EIA, but other viral oncoproteins playa direct role in 
the promotion of distance-independent transactivation 
by Oct-4 and that this is a common feature of these 
DNA tumor virus encoded oncoproteins. In addition to 
ElA, both SV40 Tit antigens and HPV E7 can cooper-
ate with Oct-4 to allow distance-independent tran-
scriptional activation. Thus, different DNA tumor 
viruses share the ability to influence Oct-4-dependent 
gene expression in a similar way. This synergism is 
Oct-4-specific and is not observed with Oct-l or Oct-2. 
Co-immunoprecipitation and GST-pulldown experi-
ments indicate that Oct-4 can physically interact in vivo 
and in vitro with DNA viral oncogenes. These onco-
genes share the ability to overcome normal cell cycle 
regulation. They can prevent cells from arresting in 
Go/GJ and cause cells to exhibit a less-differentiated 
state. Early embryonal stem cells in which Oct-4 is 
expressed resemble virally transformed cells in that 
they are undifferentiated and also have a very short 
cell cycle with little or no GJ• We propose that onco-
gene products of several DNA tumor viruses share the 
ability to mimic the embryonal ElA-like activity in 
order to convey a permissivity for proliferation that is 
typical of embryonic tissues (Ohbo, Brehm). 

The filamentous phage display system allows us to 
clone domains of proteins displayed at the surface of 
filamentous phages. To biochemically characterize the 
Oct-4/EIA interaction, we inserted parts of EIA in the 
pIlI coat protein of M13. The 13S adenoviral EIA gene 
product interacts with Oct-4 and functions in differen-
tiated cells as a coactivator of Oct-4. In contrast, the 12S 
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gene product does not serve as a coactivator, although 
it weakly interacts with Oct-4 in vitro. Panning and 
ELISA assays with phages interacting with recombi-
nant Oct-4 or GST-POU coated on dishes showed that 
both parts of E1A are able to differentially interact with 
Oct-4. Band shift assays also demonstrated that both 
regions differentially bind to Oct-4. Finally, E1A 13S 
phages (0.01 %) were mixed with an excess of phages 
containing no insert and were tested in panning assays. 
The 13S phages were enriched 1000 times after one 
round of selection and represented all phages recov-
ered after a second round. We have generated an EC 
cell expression library in which random primed 
cDNAs were also inserted in the bacteriophage gene III 
coat protein. This library is currently screened with the 
conditions established for E1A/Oct-4 binding to iden-
tify factors that interact with Oct-4 (Butteroni, Pesce). 
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In eukaryotes, most transcripts are produced as pre-
cursor molecules that require maturation to generate 
the biologically active species. For pre-mRNAs, this 
includes capping of the 5' end of the transcript, splic-
ing of introns and polyadenylation at the 3' end. We are 
analyzing the basic pre-mRNA splicing mechanisms 
occurring in the yeast Saccharomyces cerevisiae, which is 
used as a model organism. Pre-mRNA splicing occurs 
in a large complex called the spliceosome. We are 
investigating the pathway of spliceosome assembly. In 
particular, we are identifying and characterizing the 
splicing factors required for the early steps of spliceo-
some formation. We also study the mechanism of 
splice site selection, a process that needs to be highly 
specific to maintain accuracy of the encoded informa-
tion. 

Identification and characterization of snRNP 
proteins 

The spliceosome contains two types of splicing factors: 
small nuclear RiboNucleoProteins (snRNPs) and non-
snRNP proteins. snRNPs are RNA-protein complexes 
that reside in the nucleus of eukaryotic cells. Five 
snRNPs are implicated in pre-mRNA splicing, namely 
the U1, U2, U4, U5, and U6 snRNPs. Spliceosomal 
snRNPs are made of two types of proteins: each snRNP 
contains a set of specific proteins but, in addition, the 
U1, U2, U4 and U5 snRNPs contain a common set of 7 
proteins named the Sm proteins. 

We are currently analyzing the Sm proteins. Database 
searches have revealed the existence of 16 Sm and Sm-
like proteins in Saccharomyces cerevisiae. Seven of these 
proteins are bona fide Sm proteins associated with the 
U1, U2, U4 and U5 snRNAs while 7 Sm-like proteins 
interact with the yeast U6 snRNA. This indicates the 
presence of a Sm-like protein complex in the U6 
snRNP. We are currently analyzing the subunit compo-

sition of this complex. In addition, we have character-
ized Sm-like proteins from human cells and shown that 
they also associate with the U6 snRNA. 

In collaboration with the group of R. Uihrmann I 
(University of Marburg), we have purified the yeast U1 
snRNP. The proteins from this particle were identified 
by mass-spectrometry in the laboratory of M. Mann 
(EMBL) (Neubauer et al., 1997). Five out of the 15 pro-
teins identified in that way turned to be previously 
unknown components of the yeast U1 snRNP. We are 
now trying to purify other yeast splicing factors to 
identify their components. 

Assembly of splicing complexes 

Previous studies have shown that commitment com-
plexes are the earliest stable complexes to form during 
spliceosome assembly. They contain the pre-mRNA, 
the U1 snRNP and additional factors. Commitment 
complex assembly targets the pre-mRNA for splicing. 
It is also at that step that the relevant splice sites are 
selected. Formation of commitment complexes is there-
fore an important step. Indeed, it is at this level that 
most or all splicing regulation occurs in metazoan cells. 

We are currently characterizing the function of the 
newly identified U1 snRNP proteins (see above) in 
commitment complex assembly (e.g., Tang et al., 1997). 
Interestingly, we have demonstrated that the yeast U1 
snRNP protein Nam8 interacts with the non-conserved 
pre-mRNA sequence following the 5' splice site and 
thereby affects 5' splice site choice (Figure 1). In addi-
tion, we are also characterizing additional splicing fac-
tors (e.g., Mud2 and BBP, Figure 1) that are involved in 
commitment complex assembly. We will also use puri-
fied splicing factors (see above) to try to reconstitute 
commitment complexes in vitro. 
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Splice site selection 

Pre-mRNA splicing requires a highly accurate recogni-
tion of three sequences present in the pre-mRNA: the 5' 
and 3' splice sites and the branch point. We have inves-
tigated the mechanisms of branchpoint and 3' splice 
site selection. We have shown that branchpoint recog-
nition occurs first in commitment complexes and that 
this initial event is followed by the base-pairing inter-
action with the U2 snRNA, which forces the branch 
nucleotide into a bulged configuration (Pascolo and 
Seraphin, 1997). Concerning 3' splice site recognition, 
we have demonstrated that 3' splice site activation is 
strongly dependent upon the distance between the 3' 
splice site and the upstream branchpoint but does not 
rely on an interaction between intron terminal 
nucleotides as suggested by others (Luukkonen and 
Seraphin, 1997). We have also undertaken experiments 
to re-examine the process of 5' splice site selection. We 
have identified new interactions between the pre-
mRNA and the U6 and U2 snRNAs. These RNA-RNA 
interactions are detected genetically through their 
effect on 5' splice site selection, and do not involve 
standard Watson-Crick base-pairing. We are currently 
using this information to model the RNA structures 
surrounding the 5' splice site in the spliceosome (in col-
laboration with G. Vriend, EMBL). 
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Figure 1 

Factors and interactions involved 
in commitment complex formation. 
Commitment complexes engage the 
pre-mRNA (black boxes for exons, 
line for intron) in the splicing path-
way. Their assembly involves base-
pairing of the U1 snRNA with the 
5' splice site (vertical lines) and 
several protein-pre-mRNA interac-
tions (CBC with the pre-mRNA 
cap, the U1 snRNP protein Nam8 
with sequence following the 5' 
splice site, and BPPjMud2 at the 
branchpointjpolypyrimidine tract 
region). The step of commitment 
complex assembly is the target for 
splicing regulation in higher 
eukaryotes. 
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Genetic engineering is based on the stable integration 
of a DNA construct into a chosen genome. Prior to sta-
ble integration, the DNA construct is assembled and 
propagated in E. coli where large quantities of it can be 
readily obtained. The DNA construct is then intro-
duced into the chosen living system by recombination 
so that it will be stably inherited by subsequent gener-
ations. The phenotype of the chosen living system can 
be altered either directly by the acquisition of the DNA 
construct or at some later stage if a gene switch, that is 
a regulatory mechanism that can be activated after sta-
ble inheritance, is built into the DNA construct. During 
1997 we continued our work on the development of 
new approaches to genetic engineering. In particular 
we developed (i) a new way to build DNA constructs 
in E. coli using homologous recombination, and (ii) 
extended our work on ligand-activated gene switches 
based on site specific recombination. This gene switch 
is based on ligand regulation of steroid hormone recep-
tors. Consequently we have also been analysing the 
ligand-dependent mechanisms of steroid hormone 
receptor action. A further aspect of our work is direct-
ed at the development of model systems to which we 
can apply our developments with genetic engineering. 
These models include (i) the mouse Hoxa complex, (ii) 
mammalian homologues of Drosophila trithorax and 
ASH1, and (iii) the c-fos gene. 

Simplified DNA engineering in E. coli using 
recombination 
(Y. Zhang, F. Buchholz) 

The propagation of foreign DNA in E. coli has been cen-
tral to molecular biology. The concerted use of restric-

tion enzymes and DNA ligases has permitted the in I 
vitro combination of chosen DNA sequences for ampli-
fication in E. coli, subsequent characterisation and use. 
Although vital to molecular biology and all of its appli-
cations, restriction enzyme strategies for DNA design 
rely on the favourable disposition of restriction cleav-
age sites in the DNA being manipulated. This imposes 
two practical limitations. First, DNA molecules can be 
combined only by ligation between or near convenient 
restriction enzyme cleavage sites. Secondly, the fre-
quent occurrence of cleavage sites limits the size of the 
DNA that can be manipulated to fragments of less than 
-20 kb. This limitation has become particularly obvi-
ous since the development of vectors for the propaga-
tion of large DNA molecules. Homologous recombina-
tion presents an alternative way to engineer DNA 
without the need to use restriction enzymes. We there-
fore developed an assay to search through various 
recombination mechanisms active in E. coli to identify 
a simple homologous recombination reaction that 
could be applied to DNA engineering. The appropriate 
reaction was identified in recBCsbcA strains using lin-
ear DNA fragments flanked by short homology regions 
chosen to recombine with an intact plasmid. The reac-
tion was transferred between recBC strains using a 
plasmid expressing RecE and RecT. Several target mol-
ecules, including high copy plasmids, a large episome 
and the E. coli chromosome, were manipulated. 
Sequential steps of homologous or site specific recom-
bination were used to evaluate precision and flexibility 
of implementation. These experiments outline new 
ways to engineer DNA precisely by recombination and 
thus permit freedom in DNA design unlimited by the 
disposition of restriction enzyme cleavage sites or the 
size of the target DNA. 
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Genetic engineering using site specific 
recombination 
(P.-O. Angrand, F. Buchholz, L. Ringrose, S. Chabanis, 
Y. Zhang) 

Site Specific Recombinases (SSRs) of the integrase 
class-such as FIp, from the 2 micron episome of S. 
cerevisiae, and Cre, from the E. coli P1 phage-mediate 
precise and conservative recombination between their 
binding sites. They are particularly important in genet-
ic engineering since they function efficiently in a broad 
range of living systems from E. coli to mice. We have 
described a fourth member of this particularly useful 
group-Kw from the yeast Kluyveromyces waltii (the 
third being R recombinase from s. rouxii). Com-
parisons of Cre, Flp and Kw by several methods-
including biochemically by recombination in vitro and 
functionally in E. coli and mammalian cells in culture-
revealed that FIp, Kw and Cre have different tempera-
ture optima with only Cre showing efficient recombi-
nation around 37 'c. Both FIp and Kw display temper-
ature optima around 30 'c and are virtually inactive 
above 37 'c. For FIp, we showed that thermolability is 
a physical property based on thermal denaturation of 
the protein. Since many applications of genetic engi-
neering in mammalian systems would benefit from 
having a second recombinase, after Cre, that is effi-
ciently active around 37 'c, we applied a cyclical muta-
tion strategy in E. coli to evolve a more thermostable 
FIp recombinase. After 8 rounds of cyclical screening, a 
thermostable FIp, termed FIp-e, was selected. It was 
purified and its thermostable properties were verified 
by recombination assays in vitro. Functional studies in 
mammalian systems are underway. FIp-e should faciti-
tate the development of strategies of use that exploit 
two recombinases. 

Site-specific recombination by Cre, FIp or Kw occurs 
between their respective recombination target sites 
(RTs). These RTs are around 34 bp in size and are most 
commonly spaced around 1 to 5 kb apart from each in 
the DNA construct that serves as the recombination 
substrate. However, no study has been performed to 
evaluate the effect of RT spacing on recombination effi-
ciency. We undertook a study with FIp recombinase by 
constructing a series of recombination substrates 
where the distance between RTs was varied from 74 bp 
to 15 kb. Recombination kinetics were analysed in vitro 
and in mammalian cells after stable integration of the 
substrates. 

Our established expertise with site specific recombina-
tion enhanced the homologous recombination in E. coli 
work described above. A series of DNA engineering 
applications based on sequential combinations of 
homologous and site specific recombination were 
developed. These combinations increase the flexibility 
of DNA construct design and manipulation in E. coli. 
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To this end, we developed ways to express FIp, Cre and 
Kw in E. coli transiently based on the use of plasmids 
with conditional origins of replication. This permits the 
simple elimination of the expression plasmid after site 
specific recombination. 

Gene switches based on site specific 
recombination 
(P.-O. Angrand, M. Nichols, J. Rientjes) 

Site specific recombination offers a potential way to 
alter a living genome in a precise and stable manner by 
design. This potential requires strategies which can be 
used to regulate the recombination event. We have 
developed a strategy to regulate SSR activity which 
relies on expressing the SSR as a fusion protein with 
steroid hormone receptor ligand binding domains 
(LBDs). In the absence of a ligand cognate to the LBD, 
the recombinase activity of the fusion protein is 
extremely low. Upon ligand administration, recombi-
nase activity is rapidly induced. These results outline 
the basis for inducible expression or disruption strate-
gies using inducible recombination. Current work is 
directed at developing selected applications principal-
ly for use in mammalian systems. For example, we 
have exploited the conditional nature of FIp/LBD 
fusion proteins to direct integration of a plasmid into a 
specific genomic site at frequencies approaching the 
frequency of random integration. 

To extend the applicability of LBD regulation of SSRs, 
we have tested Cre/LBD fusion proteins in mam-
malian cell lines, particularly in ES cells, and in mice. 
In collaboration with the Rajewsky laboratory 
(University of Cologne), a Cre-mutant estrogen recep-
tor was introduced into mice via oocyte injection. We 
showed that site-specific genomic recombination could 
be induced in a selected cell type, B-Iymphocytes, at a 
chosen time. This precision of somatic mutagenesis 
was accomplished by limiting the expression of aCre 
recombinase-estrogen receptor fusion protein to B lym-
phocytes by use of tissue-specific elements in the pro-
moter of the trans gene employed. The expressed 
fusion protein remained inactive until derepressed by 
systemic administration of an exogenous ligand for the 
estrogen receptor, 4-0H tamoxifen. Upon derepres-
sion, the Cre recombinase enzyme deleted specific 
DNA segments, flanked by loxP sites, in B lympho-
cytes only. The efficiency of recombination in cells 
expressing the fusion protein could be varied from low 
levels to more than 80%, depending on the dose of lig-
and administered. Our work presents a paradigm 
applicable to other uses of site specific recombination 
in somatic mutagenesis where both temporal and spa-
tial regulation are desired. 

Since the recombinase activity of SSR/LBD fusion pro-
teins requires steroid ligand for activity, they transduce 
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steroid binding into specific DNA rearrangements. 
This presents the basis for a variety of assays whereby 
ligand binding can be recorded, or amplified, as a fixed 
DNA alteration of reporter gene expression. For exam-
ple, ligand binding by LBDs can be accurately meas-
ured as recombination mediated by Flp/LBDs. We 
used such assays in both yeast and mammalian cells to 
explore the structure-function relationship of ligand 
binding by the estrogen receptor. The LBDs are protein 
domains (also called domain E) of approximately 240 
amino acids in length that carry several, interdigitated 
functions. In addition to ligand binding, these func-
tions include hormone-dependent transactivation and 
dimerisation surfaces, both of which should be dispos-
able to LBD action in Flp /LBD-mediated recombina-
tion. By both random and directed mutagenesis, we 
examined the relationship between these interdigitated 
functions with particular emphasis on evaluating dif-
ferences between the activities of agonists, such as 
estradiol, and antagonists, such as tamoxifen. All cog-
nate ligands tested so far, agonists and antagonists, are 
able to activate Flp/LBD recombination. We identified 
two functionally converse mutations that separate ago-
nists and antagonists into distinct groups. Since the 
recombinase assay does not rely on the transactivation 
properties of the LBD, this result implied that agonists 
and antagonists induce the LBD to adopt different 
structural conformations. We went on to show that a 
major component of this difference rests with the posi-
tioning of the very C-terminal end of the LBD (helix 12) 
and the further C-terminal part of the estrogen recep-
tor (domain F). 

Developing model systems for applied 
genetic engineering in the mouse 
(P.-O. Angrand, S. Chabanis, Evan der Hoeven, 
H. Tekotte) 

Descriptive work to establish model systems for future 
work with our strategies of applied genetic engineer-
ing continued. This included cloning two new mam-
malian homologues of the Drosophila trx-G proteins, 
trithorax and ASH1, which we term Trx-2 and Trx-5, 
sequencing (Trx-2, Trx-5, mouse Hoxa complex) and 
chromatin structural analyses (Hoxa, c-fos). 
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RNA Processing 

Group Leader: D. Tollervey 

Postdoctoral fellows: C. Allmang, D. Lafontaine, P. Mitchell, E. Pas colo 

Predoctoral fellows: B. Dichtl, K. Sharma 

Assistant: E. Petfalski 

We are interested in the mechanisms of RNA process-
ing. Our research has previously focused on the com-
ponents of the eukaryotic pre-ribosomal RNA (pre-
rRNA) processing machinery, but in the past year these 
analyses have led us into work on other aspects of 
RNA metabolism in yeast. 

snoRNA-associated proteins and the origins 
of the snoRNPs 

Around 150 different species of snoRNA are predicted 
to be present in human nucleoli. This surprisingly 
large number of snoRNAs can be divided into two 
major classes, designated the box C+D snoRNAs and 
the box H+ACA snoRNAs, on the basis of conserved 
sequence elements and conserved predicted secondary 
structures. The only known exception is the RNA com-
ponent of the ribonucleoprotein endonuclease, RNase 
MRP. 

In all organisms, many nucleotides in the mature 
rRNAs undergo covalent, post-transcriptional modifi-
cations. These modifications occur on precursor RNAs 
during ribosome synthesis and are essentially of three 
types; base methylation, methylation of the 2' -hydrox-
yl group of sugar residues (2' -O-methylation) and con-
version of uridine residues to pseudouridine (\f') by 
base rotation. Each box H+ACA snoRNA can bind to 
the pre-rRNA at either one or two sites of \f' formation 
and, similarly, each box C+D snoRNA can bind at 
either one or two sites of 2' -O-methylation. The struc-
ture of the snoRNA/pre-rRNA hybrids formed by the 
members of each class is predicted to be rather similar 
(see Figure 1). This suggests that at each site of \f' for-
mation or 2'-O-methylation the snoRNA/pre-rRNA 
interaction creates a common structure that might, in 
principle, be recognised by a single \f'-synthase and a 
single 2' -O-methylase. 
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The snoRNAs are associated with proteins in small 
nucleolar ribonucleoprotein particles (snoRNPs). We 
have previously characterised a protein, Noplp (fibril-
larin in vertebrates), that is common to the box C+D 
snoRNAs. In the past year we have shown that two 
homologous proteins, Nop56p and Nop58p are also 
common to the box C+D snoRNPs. Nop58p is required 
for the stability of the snoRNAs with which it is asso-
ciated. Nop56p and Nopl p are not required for stabili-
ty of the snoRNAs but are required for their function. 

One protein that is common to all box H+ACA 
snoRNPs, Garl p, had also been identified. In the past 
year we have shown that Cbf5p is a second common 
component of the H+ACA snoRNPs. Cbf5p interacts 
with Garl p and is required for its stability as well as 
for the stability of all tested box H+ACA snoRNAs. 
This indicates that Cbf5p is a core component of the 
H+ACA snoRNPs. Garlp, like Noplp and Nop56p, is 
not required for the stability of the snoRNAs but is 
required for the function of the snoRNPs. 

Cbf5p and its mammalian homologue, Nap57p, are 
strongly homologous to the E. coli tRNA:\f'55 
pseudouridine synthase TruBp. The functional yeast 
homologue of TruBp in tRNA modification is, howev-
er, a different protein, Pus4p. Cbf5p and Nap57p are 
localised in the nucleolus, suggesting that they might 
be the rRNA \f'-synthases. Genetic depletion of Cbf5p 
leads to a major impairment in pre-rRNA processing 
and to the loss of \f' formation in the pre-rRNA, indi-
cating that this is indeed the case. We conclude that the 
interaction of the snoRNAs with the pre-rRNA creates 
a common structure that can be recognised by a single 
snoRNA-associated \f'-synthase, Cbf5p. 

The gene duplication that gave rise to Cbf5p and Pus4p 
could, in principle, have occurred in an Archaeon 



rather than a Eukaryote. However, inspection of the 
complete genomic sequences of Methanobacterium 
thermoautotrophicum, Archaeoglobus fulgidus and 
Methanococcus jannaschii reveals only single TruBp-like 
ORFs. Moreover, no clear homologue of the other com-
mon box H+ACA snoRNP protein, Garlp, is present in 
these genomes. In contrast, good homologues of both 
Noplp/fibrillarin and Nop58p are present in the 
genomes of M. thermoautotrophicum, A. fulgidus and M. 
jannaschii. These are likely to be co-expressed as an 
operon in M. thermoautotrophicum and A. fulgidus. The 
co-regulation of these genes would strongly support 
their functional conservation. These observations sug-
gest that Archaea possess homologues of the box C+D 
snoRNAs, but not the box H+ACA snoRNAs. 

Our genetic analysis of the ribonucleoprotein (RNP) 
enzyme RNase MRP produced an unexpected result. 
As well as identifying Pop3p, a novel protein common 
to RNase MRP and RNase P, these analyses revealed 
that the inhibition of RNA processing enzymes under-
lies the toxicity of lithium in yeast. This is of interest 
because lithium is widely used in the treatment of var-
ious psychological disorders but the basis of its action 
is very poorly understood. Our results suggest that 

Figure 1 

In both bacteria and eukaryotes, the rRNAs 
are synthesised from a large pre-rRNA by 
post-transcriptional processing. As indicat-
ed here, homologous endonucleases function 
in E. coli and S. cerevisiae, RNase III and 
the ribonucleoprotein complexes RNase P 
and RNase MRP. In E. coli, processing at 
the two ends of the mature rRNAs is co-
ordinated by the requirement for the forma-
tion of extended stem structures, whereas 
interactions in trans with small nucleolar 
RNAs believed to provide such co-ordina-
tion in S. cerevisiae. 

s. cerevisiae 

E. coli 
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alterations in mRNA stability, and consequent changes 
in protein synthesis rates, may contribute to the effects 
of lithium treatment. 

Cis-acting sequences 

In eukaryotes, the ribosomal RNAs are produced in the 
nucleolus and co-transcribed as a single large precur-
sor RNA <the 35S pre-rRNA in yeast) that is processed 
into the mature 18S, 5.8S and 25S rRNAs by removal of 
the external transcribed spacers (5' ETS and 3' ETS) 
and internal transcribed spacers (ITS 1 and ITS2) (see 
Figure 1). 

In the past year we have undertaken a deletion analy-
sis of the 3' ETS to determine its role in pre-rRNA pro-
cessing. A stem loop structure immediately 3' to the 
25S rRNA region is necessary and sufficient for pro-
cessing of the 3' ETS. This is believed to be via co-tran-
scriptional cleavage by Rntlp, the yeast homologue of 
RNase III. In addition, this stem-loop is required for 
cleavage of site A3 by RNase MRP and for processing 
at site BIL, in the 3' region of ITSl. Processing at an 
upstream site in ITSl, site A2, and at sites in the 5' 
external transcribed spacer are not affected, even by 

185 RNA 

S.8SRNA 

S·ETS ITS2 

ITS2 

2SSRNA 
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complete deletion of the 3' ETS. We conclude that pro-
cessing in the 3' ETS and in ITS1 is coupled (see Figure 
1). This would constitute a quality control that pre-
vents synthesis of the 5.8S rRNA and 5' end maturation 
of the 25S rRNA in transcripts which are incomplete 
due to premature transcription termination. 

We have previously reported that processing in the 5' 
ETS, which also requires a number of snoRNP parti-
cles, is co-ordinated with· processing of ITS1. The large 
Rrp5p protein is likely to playa role in this co-ordina-
tion. We conclude that RNase MRP interacts with mul-
tiple components of the processing machinery-an 
snoRNP complex and Rrp5p bound to the 5' ETS and 
at site A2 and another complex bound to the pre-rRNA 
in the 3' ETS-making 35S pre-rRNA processing a 
highly co-ordinated process (see Figure 1) 

The exosome 

During the past year we have characterised a protein 
complex termed the exosome. We currently believe 
that this complex in yeast contains 10 different 3'->5' 
exonucleases. Four of these components have so far 
been demonstrated to be exonucleases in vitro, and 8 
are homologous to known exonucleases from E. coli. 
Human cells appear to contain an equivalent complex, 
which is designated the PM-Scl complex due to the 
immunoreactivity of its components with autoimmune 
sera from patients with polymyositis/scleroderma 
overlap syndrome. We identified the exosome in yeast 
via mutations that affect the 3' processing of the 5.8S 
rRNA, and all components of the complex are required 
for this processing. The complex is also responsible for 
the turnover of excised pre-rRNA spacer fragments 
and aberrant processing intermediates. The function of 
the exosome is not, however, restricted to pre-rRNA 
processing. One component, Rrp4p, has been shown to 
be required for normal rates of mRNA deadenylation, 
a rate-limiting step in mRNA turnover. Two compo-
nents of the exosome, Rrp4p and Rrp41p, have been 
shown by the group of Roy Parker (U. Arizona) to be 
required for 3'->5' degradation of mRNAs following 
deadenylation. This is of general significance because 
changes in relative mRNA turnover rates will strongly 
affect levels of protein synthesis. A further component 
of the complex, Rrp6p, is required for 3' processing of 
the precursors to several snoRNA species. We antici-
pate that other functions of this complex will be identi-
fied in the coming year. 

During the past year my research group has left EMBL 
and moved to the University of Edinburgh. I would 
like to express my thanks to my colleagues in the Gene 
Expression Programme and throughout EMBL, as well 
as the current and former members of my research 
group, for making my stay at EMBL so enjoyable and 
stimulating. 
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Mechanisms of pre-mRNA splicing regulation 
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One of the steps at which eukaryotic gene expression 
can be regulated is the processing of mRNA precursors 
(pre-mRNAs), which includes the removal of interven-
ing sequences (splicing). Regulation at this step is 
widely used during cell differentiation and develop-
ment to turn on or off genes or to generate protein vari-
ants with different properties from the same primary 
transcript. Our goal is to understand the molecular 
mechanisms that control pre-mRNA splicing. 

We study two modes of regulation: repression of splic-
ing by the Drosophila protein Sex-lethal and activation 
by mammalian exonic enhancers. The RNA binding 
protein Sex-lethal (SXL) is expressed only in female 
flies, where it induces female-specific patterns of alter-
native pre-mRNA splicing in three genes (Figure la): 
male-specific-Iethal-2 (msl-2), transformer (tra), and the 
Sex-lethal (Sxl) gene itself. The female-specific mature 
transcripts either encode polypeptides only present in 
female flies or prevent the expression of male-specific 
polypeptides, thus triggering regulatory cascades that 
control dosage compensation, somatic sexual differen-
tiation and Sex-lethal autoregulation. Previous work 
has shown that SXL regulates transformer alternative 
splicing by blocking the binding of the general splicing 
factor U2AF to a particular 3' splice site. Further work 
using transgenic flies indicated that different mecha-
nisms operate in the control of splicing of msl-2 and 
Sxl. 

Regulation of msl-2 expression by Sex-lethal 

Sex-lethal regulates dosage compensation by inhibit-
ing expression of the male-specific-Iethal-2 (msl-2) gene 
in female Drosophila flies. An intron with SXL binding 
sites at its 5' and 3' ends is present at the 5' untranslat-
ed region (UTR) of msl-2 transcripts (Figure la). This 
intron is retained in female flies, and consequently 
expression of the MSL-2 protein is inhibited. We have 
investigated two aspects of msl-2 regulation. 

The first question was how SXL inhibits splicing of the 
intron. Using an in vitro system able to recapitulate msl-
2 splicing regulation by SXL, we found that inhibition 
occurs at the commitment step of formation of splicing 
complexes. This commitment complex is formed when 
Ul snRNP recognizes the 5' splice site and U2AF rec-
ognizes the 3' splice site. We have found that efficient 
inhibition of msl-2 splicing requires repression of both 
the 5' splice site and the 3' splice site. Repression of the 
5' splice site is accomplished by blocking the binding 
of Ul snRNP. Contrary to what was observed in the 
regulation of tra, repression of the 3' splice site cannot 
be explained simply by blocking U2AF binding. Our 
results suggest that recognition of the msl-2 3' splice 
site requires an additional factor that cooperates with 
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The protein Sex-lethal (SXL) is expressed only in female 
Drosophila flies. SXL, an RNA binding protein, induces 
female-specific patterns of alternative pre-mRNA splicing in 
three genes: male-specific-Iethal-2, transformer, and the Sex-
lethal gene itself 
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Figure lb 

Model for the mechanism of msl-2 splicing regulation by 
SXL. SXL binding at a sequence adjacent to the 5' splice 
site prevents U1 snRNP binding to this site. SXL bound 
to the Py-tract prevents the binding of U2AF, as well as 
the binding of an additional factor required for msl-2 3' 
splice site recognition. Inhibition at both splice sites is 
important for efficient repression of msl-2 splicing. 

male-specific lethal-2 

(or substitutes for) U2AF (Figure 1b). We are currently 
pursuing the identification of this factor. 

The second question, which we have studied in collab-
oration with the group of Matthias Hentze, was why 
the presence of the intron at the 5' splice site prevents 
expression of the MSL-2 protein. Using transient trans-
fection assays in Drosophila cells in culture, we 
observed that SXL promotes the efficient accumulation 
of the un spliced form of the msl-2 transcript in the cyto-
plasm, and that the presence of the intron per se does 
not have an inhibitory effect on msl-2 expression. Using 
in vitro translation extracts, it was found that SXL 
directly inhibits msl-2 mRNA translation by binding to 
the SXL binding sites present within the unspliced 
intron. SXL has therefore two functions in the regula-
tion of msl-2 expression: 1) to inhibit splicing of the 
intron at the 5' UTR in the nucleus, thus allowing the 
export of the un spliced RNA to the cytoplasm, and 2) 
to inhibit translation of the same message by binding 
to the high affinity binding sites present in the 
unspliced form of the RNA. SXL therefore regulates 
msl-2 expression by a coordinated mechanism involv-
ing two different steps of gene expression which occur 
on different cell compartments (Figure 2). 
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Autoregulation of Sxl expression 

SXL also regulates its own production by promoting an 
exon-skipping event on its own pre-mRNA, which 
allows the synthesis of more SXL protein. We are trying 
to characterize cis- and trans-acting factors important 
in Sxl self-regulation. 

Phylogenetic comparisons among different Drosophila 
species have revealed the presence of regions of signif-
icant conservation within the introns surrounding the 
regulated exon or within the exon itself. These 
sequences are distinct from the U-rich stretches charac-
teristic of SXL binding sites. We have deleted or mutat-
ed these regions and found that some of them affect the 
patterns of splicing occurring in the absence or in the 
presence of SXL, or both. We are currently investigat-
ing the regulatory nature of these sequences in detail, 
and in particular how the relative strength of the com-
peting splice sites influences their effects. 

Regulation of Sex-lethal pre-mRNA splicing by the SXL 
protein requires also the gene female-lethal (2)d [fl(2)dj. 
In collaboration with Lucas Sanchez (eIB, Madrid), we 
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Figure 2 

Coordinated mechanism of splicing and translational regula-
tion of msl-2 expression by SXL. SXL binds to the intron at 
the 5' UTR of msl-2 pre-mRNA and inhibits its splicing. The 
unspliced RNA is then transported to the cytoplasm, where 
translation is inhibited by binding of SXL to both the 5' and 
3' UTRs. Thus, SXL regulates pre-mRNA splicing in the 
nucleus and mRNA translation in the cytoplasm. Filled cir-
cles represent SXL protein binding sites. 



are trying to identify the fl(2d) gene using P element-
mediated insertional mutagenesis. A transcriptional 
unit has been identified which is interrupted by inser-
tion of a P element that causes an fl2(d) mutant pheno-
type. This transcription unit can encode a 55 kDa pro-
tein rich in histidine and glutamine repeats, without 
clear homologies to other motifs found in splicing fac-
tors or regulators. 

Splicing activation 1J.y exon enhancers 

U2AF is a heterodimer of 65 kDa and 35 kDa subunits 
that promotes the association of U2 snRNP with the 
pre-mRNA branchpoint at the 3' splice site region. The 
65 kDa subunit binds to pyrimidine-rich sequences 
(Py-tract) located between the branchpoint and the 3' 
end of the intron. The 35 kDa subunit can mediate pro-
tein-protein interactions with other splicing factors of 
the SR protein family, but does not contact the pre-
mRNA directly. 

We have used nuclear extracts depleted of U2AF by 
either chromatography in poly-U columns or by the 
use of a highly specific antibody, to investigate the bio-
chemical requirement for the two U2AF subunits. We 
have observed that the addition of U2AF65 alone is suf-
ficient to reconstitute splicing in these extracts when a 
constitutively spliced model pre-mRNA substrate is 
used in the assay. Reconstituting splicing of a pre-
mRNA whose processing depends on a purine-rich 
exon enhancer sequence, however, requires both 
U2AF65 and U2AF35 (kindly provided by T. Maniatis, 
Harvard University). 

It has been documented that U2AF35 can act as a bridge 
between SR proteins bound to exon enhancers and 
U2AF65, thereby promoting the binding of U2AF65 to 
the weak Py tracts characteristic of ex on enhancer-con-
taining pre-mRNAs. In our experimental conditions, 
however, the presence of U2Ap35 does not enhance the 
binding of U2AF65: we observe similar binding of the 
exogenously added U2AF65 both in the presence or in 
the absence of U2AF35. Because splicing and U2 snRNP 
binding do not occur in the absence of U2AF35, our 
results reveal a function for U2AF35 after U2AF65 bind-
ing, and suggest that splicing enhancers can stimulate 
multiple steps in the assembly of splicing complexes. 
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STRUCTURAL BIOLOGY PROGRAMME 

(including Biocomputing) 

In the framework of modern molecular biology, studies of structure and function at the molecular level both belong 
to the reductionistic programme of classical biochemistry and to the attempts to understand biological systems as 
integrated entities. Currently, the structural effort is further demanded by the explosion of genomic research. 
Knowledge of gene structures (sequences) will eventually be complemented by structural principles of macromol-
ecules: galleries of possible topologies, folding rules, modes of interaction, molecular adaptations to different func-
tions and temperatures-an enormous task for decades to come. An evolving integrative process drives structural 
biology from within. NMR spectroscopy and X-ray crystallography are used in parallel and are complementary 
tools in the determination of novel structures and their dynamics. Electron microscopy and crystallographic meth-
ods can support each other in analyses of large cellular assemblages such as ribosomes, actin filaments or micro-
tubules, and membrane protein structures. This approach is in particular called for by the emerging view that many 
cellular activities are performed by large and complex protein machines. 

Symbiotic methodological development is a key strategy to the future structural and functional analysis of cellular 
structures in the cytoskeleton, signaling pathways, transcription and intracellular traffic. Reflecting this, the strength 
of the Programme is its multidisciplinary approach. These reports from individual groups show that most of the cur-
rent research is based on experiments and involves three major physical techniques (X-ray crystallography, electron 
microscopy and NMR spectrometry) which are supported by strong biochemistry and molecular biology in the 
Programme. However, theoretical analysis of macromolecular structures on all levels is also an important compo-
nent of our research. Close contact between the experimental groups and the Biocomputing Unit has been a very 
valuable intellectual resource. This unit was created to continue biocomputing activity in Heidelberg after the 
European Bioinformatics Institute was established in Hinxton. The studies within groups engaged in sequence com-
parison and genomics have been seminal for the initiation of new projects, particularily in the NMR laboratory. The 
multidisciplinary structure of the Programme will be maintained and fostered as well as possible in the future. 

Three scientists (Patrick Argos, Hartmut Oschkinat and Annalisa Pastore) have left and a new Group Leader 
(Michael Sattler) has joined the Programme during 1997. The range of research projects has been wide and diverse 
within the Programme. However, common themes which link several groups include structures of membrane, 
cytoskeletal and signaling proteins, macromolecular assemblages, nucleic acid/protein interactions, protein 
domains and topics related to protein folding and protein/ligand interactions. Future research will continue to focus 
on these topics. 
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Sequence and structure analysis of proteins and genes 

Group Leader: P. Argos* 
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The research group focuses on the theoretical analysis 
of the sequence and structure of proteins and genes as 
well as relevant molecular biological databases. A 
description of the scientific research associated with the 
subsequently listed publications for 1997 is given in the 
1996 EMBL Research Reports. 
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The main goal of this group is to exploit the informa-
tion contained in biological sequences in making func-
tional and evolutionary predictions. The group works 
on four major topics that require both method devel-
opments and their applications: 1) prediction of struc-
tural and functional features, 2) analysis of disease 
genes, 3) classification and evolution of modular pro-
teins, and 4) comparative genomics. In 1997, we start-
ed to combine the methods developed in these four 
areas in order to analyse complete genomes and their 
evolution. 

As the transfer of knowledge from annotated entries to 
sequences of interest is a key feature of current func-
tion prediction schemes, special care has been taken to 
avoid under- and overpredictions. Expert systems 
have been developed for the automatic extraction of 
functional features from database annotations. As part 
of a collaborative project of the Biocomputing unit, we 
have implemented our methods as Web servers to 
make bioinformatics tools easily accessible. 

Functional predictions from sequence: 
identifying and comparing genes 

Gene identification 

The function prediction process starts with the identi-
fication of genes in genomic sequences. This is particu-
larly difficult in eukaryotes, where numerous weak 
signals have to be combined. We have developed a pro-
cedure, GIN (for gene identification using neural net-
works and sequence similarity) that starts with sensi-
tive homology searches to find the core of at least some 
exons and subsequently uses neural networks to iden-
tify the exon borders and remaining exons. First 
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attempts were made to identify alternative splicing 
and wrongly-annotated sequences. While using the 
standard benchmark set (Burset and Guigo, 1996) for 
estimating the accuracy of our method, we identified a 
gene in the annotated "non-coding" region and sever-
al splice variants that have general implication for the 
published accuracy of all the methods using this 
benchmark. 

Orthology prediction 

Before assigning functions to sequences via homology, 
one has to determine whether the homolog is an 
ortholog (where the full functional information can be 
transferred, in most cases) or a paralog (a member of a 
multigene family sharing, in the best case, only some 
subfunctions). The discrimination of the two possibili-
ties is already very hard in the presence of complete 
genomes (Tatusov et ai., 1997; Huynen and Bork, 1998), 
and in their absence the only way this can be accom-
plished is to check for consistency of the respective 
gene tree with the species tree (Page, 1994). We have 
implemented methods that combine normal Blast 
searches with multiple sequence alignments and tree-
building procedures to identify orthologs or gene 
duplications leading to paralogy (Yuan et ai., 1998). 

Fold predictions 

To understand molecular function, an underlying 
three-dimensional structure is essential. We have thus 
developed a homology-based fold prediction program 
which is able to assign folds to at least one domain of 
more than 37% of all M. genitaiium proteins with an 
estimated accuracy of greater than 98% (Huynen et ai., 
1998a). 



Annotation of cellular localization 

The quality of function prediction depends on the 
annotation quality of sequence databases. Currently, 
this annotation is difficult to parse using automatic 
methods. Thus, we are developing expert systems that 
enable us to retrieve functional features hidden in the 
annotation. For example, when scanning the best 
annotated protein sequence database, SWISS-PROT, 
for subcellular localization (e.g. using "extra", "intra", 
"membrane" as queries), only 22% of the entries can 
be classified into such a rough localization scheme 
(about a third contain structured information about 
subcellular localization, but its detailed description 
hampers assignment to broad categories). More than 
1000 rules were required to extract hints for localiza-
tion from the annotation and we are now able to 
assign a few localization categories to nearly 90% of 
all entries (Eisenhaber and Bork, 1998). 
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Modularity and disease genes 

SMART-a simple modular architecture 
research tool 

Although this is still a simplistic model, we assume 
that the functional unit of a protein is the domain and 
that distinct functional features can be deduced when 
several domains within a protein are detected. 
Although we have been applying this concept for more 
than 10 years, only now have we incorporated our data 
and our knowledge (in collaboration with Chris 
Ponting, Oxford) into an "easy to use" system accessi-
ble on the Web (Schultz et al., 1998). Sequences of inter-
est can be "cut and pasted" into the query page and 
will then be checked for modules and compositionally 
biased sequences such as coiled coil and transmem-
brane regions as well as short repeats and regions rich 
in particular amino acids (Figure 1). The first step was 

SMA R T Simple Modular Architecture Research Tool (V1.01) 

The search against the domain database will take about 1 minute 

Domains within the sequence s,,1jssprotlP2931.0IEPA3 of length 983 residues 
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All the segments are clickable; individual segments can be subject to a B LAS T search. 
Signal peptides detennined by the SignalP program (-), transmembrane segments predicted by the TopPred 
program (-), coiled coil regions detennined by the Coils2 program and Segments oflow compositional 
complexity, detennined by the SEG program ( .......... ) are shovm in the line below the SMART domains. 

Figure 1 

Output of SMART when "pasting" in sequence or identifier of EphA3 (formerly HEK) receptor protein tyrosine kinase. All known 
structural features are predicted (signal sequence, two Fn3 domains, transmembrane region, and tyrosine kmase domain); in addition, 
the newly identified SAM domain (Schultz et al., 1997) is annotated. Based on our sequence findings, the SAM domain has been 
structurally determined by Hartmut Oschkinat's group and will also help in the characterization Of the SAM domain in p73, the 
homolog Of the tumor supressor p53 (Bork & Koonin, 1998). All identified features (incl. domains) can be interactively explored within 
the SMART system; more annotation is available. 
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the incorporation of nearly 100 distinct signaling 
domains. Using domain hits as markers for signalling, 
a scan of the entire yeast genome revealed that as many 
as 7% of all yeast proteins contain such domains and 
are probably involved in signaling processes; only 2% 
had previously been annotated (Schultz et al., 1998). 

Module alerting server 

As awareness tools become more important (Bork & 
Koonin, 1998), we have extended our sequence alerting 
system (Hegyi et al., 1997) by incorporating a module 
watcher that allows subscribtion to a module of inter-
est and which checks for the presence of this domain in 
all new sequence data arriving in public databases 
(Hegyi and Bork, 1997). 

Sequence analysis of disease genes 

We observed that the majority of the approximately 70 
positionally cloned human disease genes, available at 
the beginning of 1997, have a modular architecture and 
contain signaling domains (Mushegian et al., 1997). 
This led us to analyse further disease genes. Using the 
SMART system, several new signaling domains were 
detected in disease genes (Schultz et al., 1998 and refs. 
therein). An example is p73, a homolog of the tumor 
surpressor p53, in which we identified a SAM domain 
(Schultz et al., 1997; Bork & Koonin, 1998). SAM is a 
potential dimerization domain which also occurs at the 
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tail of the Eph family of tyrosine kinase receptors 
which are studied at EMBL (Figure 1); a SAM structure 
of the latter has been solved in the lab of Hartmut 
Oschkinat (formerly EMBL, now FMP in Berlin) and 
will also facilitate structural and functional characteri-
zation of p73. Other examples of domain identifica-
tions in disease genes in 1997 include the characteriza-
tion of a domain similar to ubiquitin conjugating 
enzyme in TSG10l, a gene that has been purported to 
undergo somatic mutations in breast and colon can-
cers, and the detection of a novel, putative DNA-bind-
ing domain (HRDC) in Werner's and Bloom's syn-
drome helicases; the HRDC domain structure has been 
determined by Michael Sattler's group. 

Comparative genomics 

Measuring genome evolution. 

To quantify some of the observed effects, we used the 
similarity of orthologs to calibrate a time scale for the 
evolution of several indicators in all the 13 genomes 
available by the end of 1997. A hierarchy of rates at 
which they have changed during evolution has been 
established. For example, with a set of orthologs in 
hand (see above) it is possible to search for regulatory 
regions near those orthologs in different species. The 
reduced search space for upstream elements should 
reveal conservation if pairwise or better multiple align-
ments are performed. When we screened a variety of 

Escherichia coli 

Loss of gene order in evolution. Shown are the relations between the positions of orthologous (circles) and paralogous (plus signs) 
genes in closely related genomes. a) M. genitalium vs. M. pneumoniae; the relative order of genes in these two gram positive 
mycoplasmas is largely conserved, b) H. inJluenzae vs. E. coli; these larger genomes of more distant gram negatives have only local 
gene order in common and contain (due to their larger genomes) more multigene families with increased family size. 
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Figure 3 

Differential genome display of H. inJluenzae vs. E. coli. A representation of the H. inJluenzae genome with its genes separated into 
classes, depending on whether they have a homolog in E. coli and whether they have a function assigned. The genes are divided into 
sets. First the genes that have an ortholog (set 1) or a non-orthologous homolog (set 2) in E. coli are filtered out. Next the genes with 
homology to bacteriophages (set 3). A large fraction of the remaining genes for which functional annotation is possible are (puta-
tively) involved in host interaction (set 4). Genes with no homology and no function are left open. The GC content of the third posi-
tions of coding regions is depicted in the center; the distance between the middle of the circle and the inner edge of the genome is 10% 
to 60% Gc. Two circles are drawn at two standard deviations of the average GC content. Some host interaction factors show a devi-
ating GC content, e.g. the urease operon at 11h. The arrow indicates the origin of replication. 

p 

Haemophilus inJluenzae 
differential genome display vs. E. coli 

Genes with an ortholog in the E. coli genome (set 1, 1175 genes) 
Genes with a non-orthologous homolog in the E. coli genome 
or a homolog in a non pathogenic E. coli plasmid (set 2, 294 genes) 
Genes derived from bacteriophages (set 3, 28 genes) 

--- P Genes (putatively) involved in interaction with the host (set 4, 51 genes) 
Others: e.g. ion transport, (restriction) enzymes (25 genes) 

p 

p 
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bacterial and archebacterial genomes, very few of these 
elements could be identified-regulatory regions show 
extremely little conservation. Gene order evolves more 
slowly, but is still faster than the fraction of shared 
orthologs between genomes or protein similarity 
(Figure 2). This study also revealed that the degree of 
genome organisation is different between species 
(Huynen and Bork, 1998). 

Differential genome analysis 

The calibration curves established from the sequenced 
genomes provide a certain expectation for a newly 
sequenced genome when comparing it to the existing 
ones; unusual features can be identified quickly. A 
complementary technique is a systematic genome sub-
straction with the phylogenetically-closest neighbours. 
This allows identification of genes that are responsible 
for distinct phenotypes. An example is the differential 
genome display of the pathogenic H. influenzae vs. the 
rather benign E. coli (Figure 3). Of the 1,700 genes in H. 
influenzae, only 116 do not have a homologue in E. coli, 
but a known function or a homologue in other species. 
When subtracting hits to bacteriophages, 70% of the 
remaining genes appear to be involved in host interac-
tions, i.e. seem indeed to contribute to the pathogenic-
ity of H. influenzae. This kind of differential analysis 
can be applied to identify secondary metabolism and 
can also exploit the "absence" of genes e.g. by includ-
ing a third reference species (Huynen et ai., 1998b). 

Sequence analysis web servers 

To pass on experience in sequence analysis and as part 
of the collaboration with the Gibson and Vriend 
groups, we are developing several public web servers; 
see our home page: http://www.bork.embl-heidelberg.de.A 
selection of servers that can be found there is given 
below: 

blast2 (gapped blast) : 
blast2 and orthology prediction: 
SMART: 
Sequence alert: 
Module alert: 
Sequence error detection tools: 
Alignment tools: 
2D content prediction: 
3D prediction: 
Genome statistics: 
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:8080/Blast2/ 
:8080/Blast2e/ 
/Modules/sinput.shtml 
/Alerting/ 
/Modalert/ 
/Frame/ 
/Alignment/ 
/SSCP/ 
/3D/ 
/Genomes/ 
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Disulphide bond formation in proteins is an important 
post-translational step in the biosynthesis of proteins 
and is coupled to protein folding. The work of this 
group has shifted from understanding the roles that 
disulphide bonds play in protein structure, stability, 
and folding, to exploring how disulphide formation 
occurs during protein biosynthesis in vivo and charac-
terising the catalysts involved in both eukaryotes and 
prokaryotes. Although varying in many respects, all of 
the catalysts are members of the thioredoxin super-
family of proteins, and we have attempted to under-
stand not only the functions and mechanisms of the 
individual proteins, but also the wider issue of how the 
thioredoxin fold has been adapted to fulfil widely dif-
fering redox functions. 

Protein disulphide isomerase (PDI) 

PDI is believed to be the primary disulphide catalyst in 
the eukaryotic endoplasmic reticulum. It is a large, 
complex protein, so it has been dissected into its indi-
vidual a, b, b', and a' domains, plus a highly acidic 
sequence at the carboxyl terminus, c. It was first neces-
sary to define the domain boundaries, using a combi-
nation of limited proteolysis and genetic engineering 
methods. Each domain was then produced individual-
ly and in various combinations with other domains 
(e.g. ab, abb', b'a', bb'a') and used to determine the 
structures and the functional roles of each domain. 

The a and a' domains were known from their 
sequences to be homologous with thioredoxin and to 
have similar active sites, with the sequence -CysrGly-
His-CYST, which can reversibly form a disulphide 
bond between the two Cys residues. Studies on the iso-
lated a and a' domains demonstrated that these groups 
are involved directly in catalysing the various thiol-
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disulphide exchange steps in disulphide for-mation, 
breakage, and rearrangement. In each case, the thiol 
group of CYSl is approximately 103-fold more reactive 
than normal, its pKa is decreased by nearly 5 pH units, 
and the disulphide bond it forms with CYS2 is extreme-
ly unstable and highly oxidising. This remarkable 
active-site chemistry is not the only factor involved in 
catalysis, however, because the a and a' domains alone 
are much less effective catalysts of disulphide forma-
tion and rearrangement than intact PDI. Dissecting 
PDI into various combinations of its domains demon-
strated that the other domains, especially b', are also 
required for efficient catalytic activity, especially when 
the protein is undergoing conformational changes. In 
collaboration with the group of RB. Freedman 
(University of Kent, UK), the b' domain has been 
shown to be essential for catalytic activity because it 
provides an important substrate binding site, although 
all the domains play some roles in substrate binding. 

No crystals of intact PDI suitable for X-ray crystallo-
graphy have ever been obtained, but the structures of 
the individual domains could be determined by NMR 
Heteronuclear NMR methods have been used to deter-
mine the structures of both the a and b domains, and 
that of the b' domain was in progress. As expected, the 
a domain structure is very similar to that of thioredox-
in. Much more surprising was the finding that the b 
domain also has the thioredoxin fold, in spite of having 
no significant sequence similarity, with the active site 
residues deleted. The sequence of the b' domain is 
detectably homologous to that of the b domain, imply-
ing that b' also has the thioredoxin fold. Evolutionary 
development of this multi-domain structure appears to 
have been essential to expanding the catalytic reper-
toire of the thioredoxin, particularly so that it can catal-
yse thiol-disulphide exchange reactions involving con-
formational changes in the protein. 



ErpS7 

A number of homologues of POI have also been iden-
tified in eukaryotes, but very little is known about their 
functions. The gene for one of these homologues, 
Erp57, has been cloned and over-expressed in 
Escherichia coli, making detailed functional characteri-
sation possible. The groups of J. Bergeron and o. 
Thomas (Montreal) have used this protein to demon-
strate that glycoproteing are presented specifically to 
Erp57 by another protein, calnexin. Oisulphide bond 
formation in such glycoproteins occurs more efficient-
ly with Erp57 than with POI, suggesting that Erp57 
may be the main catalyst in vivo for glycoproteins. This 
suggests that the catalysis of disulphide bond forma-
tion by proteins other than POI may be more signi-
ficant than previously thought. 

The Dsb system of the bacterial periplasm 

The combination of genetics and biochemistry has 
yielded considerable progress in elucidating the path-
way of disulphide bond formation in the periplasm of 
gram-negative bacteria. In this system, disulphide for-
mation is catalysed by a series of individual redox pro-
teins that are linked functionally and have distinct but 
overlapping functions. OsbA is the major catalyst of 
disulphide formation, while OsbC catalyzes both 
disulphide rearrangements and formation. The dithi-
01/ disulphide redox status of these proteins is regulat-
ed by other members of the Osb protein family. For 
example, we recently demonstrated that OsbO is 
required to maintain at least a fraction of OsbC in the 
dithiol state, competent for catalyzing disulphide 
rearrangements. 

A new member of the Osb family, OsbG, has been char-
acterised, after having been identified by the group of 
Satish Raina (Geneva). Like OsbA and OsbC, this pro-
tein appears to be involved in disulphide formation in 
proteins. OsbG may, however, interact with a specific 
subset of E. coli proteins that are essential for growth of 
E. coli, as the phenotype of dsbG- strains is especially 
severe. 

Electrostatic interactions in the thioredoxin 
fold 

The active sites of thioredoxin, POI, OsbA, and OsbC 
are very similar, yet the disulphide bonds that they 
form vary enormously, up to IDs-fold, in correlation 
with their biological functions: in oxidising catalysts 
like POI, OsbA, and OsbC, the disulphide bond is very 
unstable and readily transfered to a substrate protein, 
while thioredoxin functions as a reductant and has a 
disulphide bond that is up to 7 kca1/mol more stable. 
The basis for these different disulphide stabilities is 
believed to lie in the different electrostatic properties of 
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the active site and its interaction with the dithiol form 
of the protein, rather than in the disulphide bonds 
themselves; the lower the pKa of the Cys} thiol group, 
the greater the interaction of the thiolate anion with the 
folded conformation, and the lower the stability of the 
disulphide bond formed by it. The stability of the 
disulphide bond is modulated only indirectly, by vary-
ing the stability of the dithiol form of the protein, 
rather than the disulphide bond itself; this explains 
why the disulphide bonds of these proteins appeared 
structurally to be very similar. 

To establish the molecular basis of these electrostatic 
effects, they were characterised in detail in model pep-
tides and in the a domain of POI. Model -helical pep-
tides indicated that a major stabilisation of the thiolate 
anion appears to be due to its favourable interaction 
with the dipole at the N-terminus of the -helix where it 
occurs. The order of the cysteine thiol pKa values 
measured in a-helical model peptides with sequences 
like those of the protein active sites was found to mir-
ror the disulphide-stability ranking observed in the 
corresponding proteins. Local sequence differences 
appear to modulate the interaction between the dipole 
and the thiolate anion. 

Another residue near the active site also appears to 
playa role. A conserved Asp residue shows unusual 
ionisation behaviour in thioredoxin. Using heteronu-
clear NMR techniques, the pKa value of the correspon-
ding Glu residue in the POI a domain was found to be 
greater than 8.5, highly unusual, but similar to that 
observed in thioredoxin. As the thiol groups of these 
two proteins have very different ionisation properties, 
and form disulphide bonds with greatly differing sta-
bilities, the Asp/Glu residue in the two catalysts may 
have a similar function in all the proteins. 
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The work of our group combines cryo-electron micro-
scopy and image reconstruction to address problems of 
assembly and function. To this end. we have invested a 
large fraction of the last ten years in the development 
of methods for analyzing the structure and dynamics 
of fragile biological systems including enveloped 
viruses and the microtubule cytoskeleton. In the past 
four years, this effort has paid significant dividends in 
producing novel results and revealing the details of the 
dynamics which are central to an understanding of 
these systems. 

Icosahedral membrane virus structure and 
function 

Our group published the first icosahedral reconstruc-
tion of a membrane virus (Fuller, 1987) from cryo-elec-
tron micrographs by the common lines method, now 
the universally applied approach for these reconstruc-
tions. Since then, we have been at the forefront of this 
rapidly developing methodology and have participat-

ed in the development of new algorithms. Our group 
has focused exclusively on membrane viruses over the 
past year, using three-dimensional reconstruction and 
more conventional analyses. Enveloped viruses are 
more difficult and less well-ordered, but their life 
cycles incorporate features such as fusion and budding 
which are relevant to cellular processes. The enveloped 
bacteriophage <1>6 has been a very useful system 
because it shares functional and structural homology 
with double-stranded RNA viruses but has a more 
highly developed and flexible genetics. This has 
allowed us to define the stages in core maturation 
which are inaccessible in mammalian systems (Butcher 
et al., 1997): as an example, the expansion of the poly-
merase complex upon the packaging of the genome is 
shown here. The structure of the major capsid protein 
of the enveloped bacteriophage PR01 was recently 
solved to atomic resolution by Roger Burnett's group 
(Philadelphia), which will allow us to generate an 
atomic model based on our reconstruction. Semliki 
Forest virus (SFV) has been a major focus of our work 

Figure 1 

The conformational change in the f6 nucelocapsid 
between its empty (left) and filled (right) state. The 
particle diameter is 450 A. 
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(Ferlenghi et al., 1998). We produced the first time-
resolved study of the low pH-induced conformational 
change (Fuller et al., 1995a) using this virus. We have 
also determined the structure of the SQL mutant of 
SFV (Ferlenghi et al., 1998), which contains the inactive 
precursor form of the fusion protein. Our work pro-
vides the first views of the transition between stable 
precursor, metastable mature form, and unstable inter-
mediate-the current paradigm for understanding 
fusion protein function. 

We are using SFV and PRD1 to test the limits of reso-
lution which can be obtained by icosahedral recon-
struction of membrane viruses (Mancini et al., 1997). 
These were chosen because they are relatively well-
behaved (for membrane viruses), and the availability 
of high-resolution structures of isolated viral proteins 
allows an independent resolution check for our work 
and an immediate biological payoff in the construction 
of a more accurate atomic model. Our progress with 
SFV has been particularly rewarding since we have 
gone from a 35 A resolution structure to a 10 A resolu-
tion structure during last year. Figure 2 shows the 10 A 
reconstruction, in a radially depth-cued representation. 
The transmembrane regions of the spike protein held a 
special surprise. The higher resolution structure shows 
that they are separated near the outer leaflet of the 
bilayer and then merge to form a right-handed coiled-
coil at a position halfway across the membrane. The 
determination of structures at these higher resolutions 
requires optimization and automation of the algo-
rithms, implementation of more accurate methods of 
CTF and distortion correction, and the separation of 
the calculations into checkpointable, architecture-inde-
pendent segments so that coarse-grained parallelism 
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Figure 2 

The 10 A resolution structure of Semliki Forest virus. The 
virion diameter is 700 A. The scale shows radial depth 
cueing. 

can be employed. We are also working on two less 
well-behaved but very important enveloped viruses: 
tick borne encephalitis virus (TBE) and hepatitis B 
virus. Our work on TBE has allowed us to demonstrate 
a substantial conformational change between the pro-
teolytically solublized form of the fusion protein, 
which is known to high resolution, and the active form 
in the virion. 

Retrovirus assembly and function 

Retroviruses present an intriguing structural problem 
in that they combine robustness in assembly with enor-
mous flexibility in composition. We have focused on 
the structure and assembly of the human immunodefi-
ciency virus (HIV-1) using particles produced in 
expression systems and the authentic mature and 
immature virions. We showed that while neither the 
mature nor immature particle was icosahedral, each 
displays both radial and lateral local order as well as a 
global organization into multiple hemispherical sec-
tors (Fuller et al., 1997). This is seen in the cryo-electron 
micrograph of immature (left) and mature (right) HIY. 
The inserted cartoon shows our model for sector for-
mation in the particle. 

We have taken advantage of the vast array of HIV Gag 
mutants available to define the radial organization of 
the immature particle and then used this radial organ-
ization as a basis for defining the position of other com-
ponents of the virion. One of the more intriguing of 
these is actin, which is reported to be necessary for HIV 
particle budding. We have shown that actin is specifi-
cally bound to one of the Gag domains in both HIV and 
murine leukemia virus (Wilk et al., 1998). We are con-



tinuing to explore the role of this protein in particle 
formation in a collaborative project with Michael Way 
(Cell Biology) and Hans-Georg Krausslich (Hamburg). 

We are also exploring the formation of the conical HIV 
capsid from the rounded, immature particle. These 
studies take advantage of the ability of the capsid pro-
tein to form helical tubes in vitro which diffract to 10 A 
resolution. Helical reconstruction of these tubes, in 
combination with the high resolution structures of the 
individual HIV capsid domains, has allowed us to 
define the interactions which stabilize tubes of varying 
diameters and to begin understanding the formation of 
the conical structure. 

Microtubules and centrioles 

The microtubule cytoskeleton combines the dual 
aspects of stability and dynamics, which remain an 
important challenge to structural biology. My group 
has combined cryo-electron microscopy, image pro-
cessing and modeling to study microtubule structure 
and dynamics (Chretien et al., 1997; Chretien et al., 
1998). This was done with Denis Chretien (who was 
appointed an independent, interdisciplinary Staff 
Scientist in 1996, see separate report) in a continuing 
collaboration with the Karsenti group (Cell Biology). 
The work on centrioles included a common lines 
reconstruction of the centriole (Chretien et al., 1997; 
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Chretien et al., 1998; Kenney et al., 1997) and a descrip-
tion of the distribution of y-tubulin, the nucleator of 
microtubule growth (Fuller et al., 1995b), in the centri-
ole. This later involved the development and valida-
tion of a more reliable method for localizing fixation 
sensitive epitopes in complex structures. We identified 
two locations of in the centriole, the expect-
ed one in the pericentriolar material and a second at 
the base of the microtubule barrel. Work with C. 
Gonzalez (Cell Biology) using the two developmental-
ly regulated isoforms of y-tubulin in Drosophila, sug-
gest that these two popUlations allow the modulation 
of astral microtubule dynamics without compromising 
the stability of the centriole barrel. 

Supercomputing Resource for Molecular 
Biology (SRMB) 

The requirements of structural biology for computa-
tional resources have become increasingly difficult to 
meet within the resources of the Laboratory. To meet 
these needs, we have obtained outside support for 
hardware by leveraging our unique position as a site of 
interaction between molecular biology and supercom-
puting. The EU HCM Access to Large Scale Installation 
(LSF) Programme provided a novel approach in which 
we received funds for the purchase of several super-
computers for use in support of a set of courses and 
visits to the Laboratory for EU scientists approved by 
an international review committee. The SRMB activity 
encountered all of the problems one would expect in 
establishing a service and visitors facility from scratch 
using newly-installed machines. Nevertheless, by the 
middle of the second year it was functioning routinely 
and was extremely well received by the visitors. The 
grant supported two user consultants who taught six 
courses in parallel programming and high perform-
ance computing and assisted our total of seventy visi-
tors in their work both during the visit and after their 
return to their host institutions as well as taking over 
system management activities from the computer 
group for the machines most heavily used by the visi-
tors. The work supported has resulted in 50 refereed 
publications to date and received a very enthusiastic 
commendation from the EU audit during its third year. 
This success reflects the efforts of the entire 
Programme, since 16 groups hosted visitors and par-
ticipated in the activity. 

Figure 3 

The transition between immature (left) and mature (right) 
forms of HIV. The inserted schematic shows the model for for-
mation of the multilobed particle. 
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Future plans 

For the remainder of our time at EMBL, our group will 
focus on several projects which are continuations of 
our present work. 

We will utilize data we have collected with Werner 
Kiihlbrant on his 300 kV liquid helium microscope at 
the MPI in Frankfurt to !ry to extend the resolution of 
our SFV structure (presently 9 A) toward higher reso-
lution. Felix Rey has crystallized the fusion protein of 
SFV. We intend to collaborate on fitting his structure, 
when it is available, into our reconstruction. We also 
intend to continue to push the resolution of the PRDI 
structure (presently 14 A), so that the interactions 
between the major capsid protein and the shell become 
better defined, and to continue work on the intermedi-
ates of <jl6 with collaborator Dennis Bamford (Helsinki). 

We will use Fab labeling and gentler purification meth-
ods to improve and interpret the reconstruction of TBE 
recombinant particles (resolution 19 A) and virions 
(presently 35 A) as a continuation of our collaborative 
work with Franz Heinz (Vienna) and Stephen Harrison 
(Cambridge). We will also continue our attempts to 
improve the reconstruction of the whole hepatitis B 
virion (presently 40 A) by continuing our collaboration 
with Michael Nassel (Freiburg). 

With Denis Chretien, we will use our previous work on 
the microtubule structure to characterize the occur-
rence and significance of defects in microtubules. We 
will also continue work on the localization of y-tubulin 
Drosophila centriole to demonstrate the relationship 
between dynamics and tubulin isoforms in collabora-
tion with the Karsenti and Gonzalez groups. 

Our analysis of the HIV capsid tubes is the first step 
toward a more detailed analysis of the interactions of 
Gag domains which will be done in collaboration with 
Hans-Georg Krausslich (Hamburg). Previous work has 
shown that helical tubes can be formed from various 
lengths of Gag and that the ones which incorporate the 
NC domain also bind nucleic acid. Hence we can use 
these ordered assemblies to explore the local interac-
tions which occur in the authentic particle and provide 
a context for the high resolution structures which have 
been determined for the individual Gag domains. 
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protein complexes; structural studies of muscle proteins 
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Assistant: C. Ferguson 

We are working in two main research areas: 

1) Electron microscopy of integral membrane proteins 
and soluble proteins bound to lipids. 
2) The study of muscle proteins, in particular those of 
the "muscle cytoskeleton" and those involved in the 
unsolved problem of the regulation of muscle contrac-
tion. 

Membrane Proteins 

Complex I 

Studies of mitochondrial NADH-ubiquinone oxidore-
ductase (Complex I) from Neurospora crassa and E. coli 
are being made in collaboration with Hanns Weiss and 
Thorsten Friedrich (University of Dusseldorf). 

A 3-D image reconstruction of negatively stained sin-
gle particles of the whole complex from N. crassa (MW 
approx 1.1 MDa) was carried out using the conical tilt 
method. Complex I is particularly well-suited to this 
approach because of its large size, and although it is an 
asymmetric structure, it has a very characteristic shape. 
The 25 A-resolution 3-D model confirms the general 
"L" -shape of the molecule, with arms of equal length, 
and corroborates the hypothesis of a subdivision of the 
whole complex into three functional domains. The 
membrane part of Complex I, which in the reconstruc-
tion is masked by bound detergent, constitutes the first 
domain, containing all the mitochondrially encoded 
subunits. The second and third domains, forming the 
lower and upper halves of the matrix (cytoplasmic) 
arm, are composed exclusively of nuclear encoded 

158 

subunits, amongst them all the subunits binding a 
detectable redox group. Immuno-Iabelling with Fab to 
the 49 kDa subunit which is known to be in the cyto-
plasmic part of the complex permitted its localisation 
on the matrix arm and confirmed the previous division 
of the complex into membrane and matrix arms. 

We have now extended this study to the smaller redox 
enzyme complex from E. coli (MW 530 kDa). Although 
less stable than the N. crassa complex, it was possible to 
obtain enough single particle images to make a 3-D 
reconstruction by the same method. The E. coli com-
plex is about half the molecular weight but it has the 
same overall size and shape as the mitochondrial 
enzyme. The additional protein mass of the mitochon-
drial complex is distributed along both arms but espe-
cially around the junction between the two arms and 
around the membrane arm (Figure 1). It appears that 
the basic structural framework found in prokaryotic 
complex I is stabilised by this additional mass in the 
eukaryotic enzyme. 

Colicin-N 

A study of the E. coli toxin colicin-N bound to its recep-
tor, the outer membrane porin OmpF, is being carried 
out in collaboration with Franc Pattus and Marek 
Cyrklaff (CNRS Strasbourg) and J. Lakey (Newcastle). 
In the presence of the receptor binding domain (but not 
in its absence), it is possible to make tubular membrane 
crystals of OmpF with colicin-N forming a regular 
layer on the inside of the tubes. We are currently carry-
ing out computer analysis of cryo-EM images of these 
tubes, which have helical symmetry. A model for the 
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density envelope of colicin-N and the receptor should 
allow the X-ray structures for these molecules to be 
docked. 

Lipid monolayer crystallisation 

We have been using the Kornberg lipid monolayer 
technique to obtain ordered arrays of soluble proteins 
bound to lipid monolayers at the air-water interface. 
This has been used to obtain aligned 2-D layers of 
insect tropomyosin-troponin complex. We have also 
recently been investigating the use of nickel-chelating 
lipids to bind specifically His-tagged expressed pro-
teins which are readily available. 

Muscle proteins 

Invertebrate muscle proteins 

In carrying out muscle studies, we are using two sys-
tems: for genetics, mutational studies and most 
sequencing work we are using Drosophila; for the bio-
chemistry and some electron microscopy where large 
amounts of protein are required, we are using the giant 
water bug, Lethocerus. 

Figure 1 

3-D reconstructions of Complex I from N. 
crassa (wire frame) and E. coli (surface 
rendered) showing that the two complexes 
have similar structure despite their large 
difference in molecular weight. 

Scale bar 5 nm 

Kettin 

Kettin is a high molecular weight (700 KDa) modular 
protein found only in insect muscle. The Drosophila 
genomic DNA sequence has now been completed in 
collaboration with Bernhard Kolmerer (Labeit group) 
using, in part, P element mutants mapped to the kettin 
locus. The protein consists almost entirely of 
immunoglobulin C2 (IG2) domains, but instead of 
being contiguous as in other proteins of the titin type, 
the domains are linked by 35-residue peptide spacers. 
Immuno-electron microscopy of kettin in both 
Lethocerus and Drosophila flight muscle shows that the 
N-terminus is near the centre and the C-terminus just 
outside the periphery of the Z-disc, the molecule run-
ning parallel to the actin filaments. This is supported 
by our finding that purified whole kettin and an 
expressed kettin domain-linker sequence bind to actin 
with high affinity, unlike other modular muscle pro-
teins such as titin and twitchin, which are not actin-
binding. The role of kettin may be to stabilise the anti-
parallel actin-actin interactions which are present in 
the Z-disc. Kettin is a specific target for cal pain, an 
endogenous calcium-activated protease which breaks 
down the Z-disc. 
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Thin filament proteins 

Insect flight muscle thin filaments do not fully activate 
myosin in the presence of calcium, which suggests 
additional regulation. The regulatory complex in 
Drosophila has tropomyosin, TnC, TnI and TnT similar 
to the components in vertebrate striated muscle and 
TnH, which is a fusion protein of tropomyosin and a 
hydrophobic proline:alanine rich C-terminal half. 
Lethocerus troponin has TnC, TnT and a TnH which 
includes TnI sequence and acts as the inhibitory com-
ponent. 

In Drosophila, we have found that an isoform of glu-
tathione-S-transferase (GST-2) is associated with the 
hydrophobic extension of TnH. When the C-terminal 
half of TnH is selectively removed, the tropomyosin 
half stays bound to the thin filament and GST-2 is 
released. Unlike other GSTs, the molecule has a 50-
amino-acid hydrophobic extension at the N-terminus 
which is similar in sequence to the C-terminus of TnH 
and which binds specifically to it. 
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In collaboration with Pavlos Agianian in the group of 
Paul Tucker, crystals of expressed Drosophila GST-2 
have been obtained which diffract X-rays to 3 A. We 
are hoping that solution of the crystal structure will 
-reveal the conformation of the N-terminal extension 
and help to understand its interaction with TnH. A 
number of Drosophila muscle proteins have such pro-
line-alanine rich extensions (TnH, TnI, myosin regula-
tory light chain, GST-2)-their function is unknown. 

Tropomyosin-troponin from Lethocerus has has been 
isolated as a stable complex. When this complex is 
adsorbed to lipid mono layers by the tropomyosin rod, 
the troponin head region of the complex can rotate 
freely around an axis in the plane of the monolayer giv-
ing many different projected views. We have now car-
ried out a single particle tomographic 3D reconstruc-
tion of the troponin part of the complex to 33 A resolu-
tion. The model has also been fitted to EM projection 
images of troponin on isolated Lethocerus thin fila-
ments and docked to a 3-D reconstruction of frog thin 
filaments by aligning the troponin with the 
tropomyosin density (Figure 2). 

Figure 2 

3-D reconstruction of insect tro-
ponin complex docked to a model for 
the frog muscle thin filament (kind-
ly provided by Dr. W. Lehman). 

Scale bar 6 nm 
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NMR structure refinement 

Development and application of ambiguous 
NOE assignment 
(S. O'Donoghue, H. Kovacs) 

The underlying theme of our group has been the con-
tinued development of the ARIA program (Nilges et al., 
1997); our ultimate goal with ARIA is to fully automate 
the calculation of structures from NMR data. We have 
continued developing ARIA's method for automated 
assignment of NOEs in several collaborative projects 
(Kemmink et al., 1997; Folmer et al., 1997; Nilges et al., 
1997; Pascual et al., 1997; Musco et al., 1997; 
Sunnerhagen et al., 1997). The performance of ARIA 
was studied in detail in the refinement of two new 
structures. 

The first structure calculation was the 117-residue pro-
tein SpoIIAA. This protein, which can be phosphory-
lated, participates in the regulation of the transcription 
factor sigma-F in Bacillus subtilis and thus controls the 
onset of differential gene expression that leads to 
sporulation. The overall fold of the dephosphorylated 
form of SpoIIAA in solution has been reported earlier. 
ARIA was used to obtain additional distance restraints 
and to refine the structure. The results show that, for a 
protein of this size, about 20% of the NOEs are truly 
ambiguous, i.e., the observed signals contain signifi-
cant contributions from several different NOE connec-
tivities. This is the first report in which the true ambi-
guity of the NOESY data has been considered. The 
structural data was complemented with a charateriza-
tion of the protein dynamics by measuring the T1, T2, 
and NOE of the backbone 15N-nuclei. 

The second structure determination was that of a 35-
residue fragment comprising the neck region from the 
lung surfactant protein D (SP-D). This fragment forms 
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a coiled-coil trimer with the a-helical subunits in a 
non-staggered and parallel arrangement. In NMR 
spectra the three helices give rise to only one set of sig-
nals. Such a symmetry degeneracy makes the distinc-
tion between intra- and intermolecular contributions to 
the NOEs impossible. In the present study, no use was 
made of asymmetric isotope labelling, which can solve 
the problem partly. Instead, the calculation relied sole-
lyon automated assignment of ambiguous NOEs. In 
the iterative procedure, the ambiguous NOEs could be 
assigned as containing predominantly intra- or inter-
helical contributions, or both. Despite the high degree 
of ambiguity and sparsity of intermolecular contacts, 
the NOE data were sufficient, together with the 
restraints on the symmetry, to determine the relative 
position of the a-helices, and the packing of the amino 
acid side chains in the trimer interface. 

The most challenging problem so far for our method 
was determining the structure of the insulin hexamer, 
a symmetric oligomer of 306 residues. This project was 
a collaboration with the group of Prof. Jens Led, 
University of Copenhagen. Due to symmetry, the NMR 
data is highly ambiguous. In spite of this, our method 
was able to solve the structure (see Figure 1) without 
recurse to the known X-ray crystal structure. This 
demonstrated that the method we have developed for 
handling ambiguous distance restraints can be gener-
alized to higher order oligomers. This is the first 
reported solution structure of insulin, and the first 
hexamer solved by NMR. 

Protein dynamics 

Structure accuracy and internal dynamics 
(S. O'Donoghue, S. Weeks) 

Molecular dynamics has a large impact on experimen-
tal data measured by NMR. We have studied the influ-



ence of the accuracy on structures determined from 
NMR data, by generating model NMR data from long 
molecular dynamics trajectories, and using the data to 
calculate structures. In a first study with model data, 
we used a statistical analysis of restraint violations to 
identify NOEs with large distortions due to dynamic 
averaging. We showed that by setting bounds tightly 
and removing the restraints identified by violation 
analysis, much more accurate structures can be 
obtained than by setting all bounds very wide. 

Although data removal results in the most accurate 
structures so far, this treatment is unsatisfactory. We 
are developing two new approaches to overcome this 
problem. The first is a new ensemble refinement tech-
nique ("partial ensemble refinement") that avoids 
potential problems of other approaches (overfitting of 
data, unsatisfactory convergence). Here, only the 
restraints identified by violation analysis will be aver-
aged, while the others will be used in conventional 
refinement. The rationale for this is that only a fraction 
of the NOEs calculated from an MD trajectory are seri-
ously distorted by internal dynamics, while the rest are 
close to the value in a rigid structure. The partial 
ensemble refinement allows the increase of refined 
parameters in a much more controlled way than is pos-
sible using conventional ensemble refinement tech-
niques. 

Figure 1 
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In the second strategy, we use a new type of potential 
to incorporate NOE distance data. The new potential is 
much more tolerant to larger violations than standard 
"flat bottom harmonic well" potentials. However, with 
the new potential we abandon the concept of using 
generous distance. bounds; instead, we try to get as 
good a fit to the raw data as possible. With the model 
data from the trajectory, we were able to get signifi-
cantly more accurate structures than with standard 
potentials. We have started to use the new technique 
with experimental data. 

Dynamic aspects of biomolecular interactions: 
cross-talk between structural elements far apart 
in space 
(R. Abseher) 

The single-stranded DNA-binding protein (ssDBP) 
from the Pf3 phage binds its target in a cooperative 
manner, which allows it to saturate a stretch of single-
stranded DNA at relatively low protein concentration. 
Binding of numerous ssDBPs results in a large nucleo-
protein assembly involved in replication and presum-
ably also in recombination and repair of DNA. 

Correlated fluctuations in a long (1 nanosecond) sol-
vated molecular dynamics simulation were detected 
using principal component analysis (PCA) of Cartesian 

The solution structure of the symmetric hexamer of insulin (point group 32). This structure was solved using the 
ambiguous NOE assignment method developed in our laboratory. Left: Superposition of the ten lowest energy structures. 
Right: A ribbon representation of the lowest energy structure. 

163 

I 



EMBL 1997 Research Reports 

coordinate covariances. The mode with the third 
largest amplitude involves the DNA-binding wing and 
the complex loop with equally large displacements. 
Thus binding of DNA to the DNA-binding wing, 
which dampens mobility of the DNA-binding wing 
according to NMR relaxation measurements, will trig-
ger a change in the complex loop as well. This change 
in turn might facilitate the attachment of further ssDBP 
molecules to the growing nucleoprotein assembly, thus 
offering a tempting explanation of the cooperativity 
observed. These two loops are on opposite faces of the 
protein (see Figure 2). 

Principal component analysis of protein dynamics 
in distance space. 
(R. Abseher) 

Principal component analysis of protein dynamics in 
Cartesian coordinate space requires the removal of 
overall motion prior to building the covariance matrix. 
This is accomplished by a least-squares fit of all struc-
tures to a reference structure. If the deviations of the 
backbone atoms of all residues are minimized by the 
fit, low mobility regions pick up apparent mobility 
from high mobility regions of the protein. This gives 
rise to spurious dynamic cross-correlations. Intr-
amolecular distances are insensitive to overall motion 
and permit to evade the superposition problem. 

PCA in distance space was used for defining dynamic 
cross-correlations in ssDBP. This allowed an unbiased 
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Figure 2 

A collective model of the Pf3 single-stranded DNA-binding 
protein. The DNA-binding wing (top) and the complex loop 
(lower right) show equally large displacements. Protein-DNA 
interaction at the DNA-binding wing and protein-protein 
interaction at the complex loop are dynamically coupled. 

assessment of the question whether non-trivial dynam-
ic cross-correlations (i.e., concerted movements of moi-
eties not in contact with each other) would occur at all. 
Our study answers this question in the affirmative, but 
at the same time sheds a critical light on a quantitative 
interpretation of "classical" essential dynamics analy-
sis. 

NMR spectroscopy and modelling studies on 
pleckstrin homology domains 
(N. Blomberg, R. Vincentelli) 

Pleckstrin homology domains (PH domains) are small 
cytoplasmic modules found in proteins with very 
diverse functions. The general function of this domain 
is still unclear but the electrostatic polarization and the 
phospholipid binding suggests a function in mem-
brane targeting. Structural studies of several PH 
domains revealed a conserved three dimensional fold, 
although the sequence similarity is well below the level 
where this can be expected. We have previously used 
the available structural data to extend a conventional 
sequence analysis, demonstrating that significantly 
more data can be obtained by a combined sequence-
structure approach (Blomberg and Nilges, 1997). 

From the modelling study we predicted that most PH 
domains have an electrostatic polarization similar to 
the one seen in the availiable structures, thus support-
ing the idea of a function in phospholipid or mem-
brane targeting. We also found that, in proteins having 
internal PH domain repeats, there is a electrostatic 
complementarity between pairs of domains. We also 
were able to correctly predict the residues involved in 
binding to the phospholipids for some of the PH 
domains. 

An interesting group of PH domains is found in the 
Dbl-protein family were they occur C-terminal of the 
Rho-GEF domain (or DH domain). In our study we 
found that about half of these PH domains have a 
reversed electrostatic potential, where the "canonical" 
phospholipid binding site is surrounded by negative 
electrostatic potential. 



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

In collaboration with Matti Saraste's group we are 
solving the NMR solution structure of one of these out-
lying PH domains, UNC89 from C. elegans. This PH 
domain is predicted to have a reversed electrostatic 
potential and would thus be the first known PH 
domain structure belonging to this group. Preliminary 
data also suggest that this PH domain has some inter-
esting dynamic properties. We are also trying to char-
acterize the structure of the DH domain and to study 
the role of the PH and DB domains and their interac-
tion in the GDP exchange of GTPases such as Rac1 and 
Cdc42. 

The N-terminal domain of 
Pro-opiomelanocortin (N-POMe) 
(S. Weeks) 

We have started a project to determine the structure of 
the 75-residue peptide N-POMC. This peptide is 
derived from POMC, the precursor of a large number 
of biologically active peptides. N-POMC is a glycosy-
lated peptide that has recently been identified to act as 
a growth- and differentiation factor. One aim of this 
project is to elucidate the role of the glycosylation on 
the structure and dynamics of this peptide. 
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The structure and function of intracellular modular proteins 

Group Leader: A. Pastore* 

Postdoctoral fellow: H. Kharrat* 

Predoctoral fellows: G. Musco*, L. Vangelista* 

Visitor: F. Fraternali* 

This will be my last report about the activity of my 
group at the EMBL because we moved to the Medical 
Research Council in London in August 1997. The activ-
ity of the group in 1997 can be summarised as follows: 

Muscle proteins: Titin 
(F. Fraternali, C. Muhle-Goll) 

Titin-a huge modular protein specific for vertebrate 
muscles-forms a third filament in the sarcomere that 
connects the Z-disk to the M-line and covers different 
functions along its length. Titin plays an important role 
in assembly and mechanical properties of muscles such 
as determining the length of the muscle fiber and act-
ing as a "molecular ruler". The structure determination 
of titin fragments both in isolation and with the sur-
rounding proteins is important in order to increase our 
understanding of how muscles are assembled and reg-
ulated. Despite its size, titin is an ideal candidate for 
NMR studies since it is mainly assembled from repeats 
of two types of motifs approximately 100 amino acids 
long; these can be produced as independently-folded 
units. In previous years we have determined the struc-
ture of representative type I and type II modules and 
shown that, according to sequence prediction, their 
folds belong to the fibronectin type III (Fn-3) and 
immunoglobulin (Ig) superfamilies, respectively 
(Pfuhl & Pastore, 1995; Improta et al., 1996; Muhle et al., 
1997). During the last year, we have used the solved 
structures to model the rest of the titin module family 
by homology. The models obtained, together with the 
pattern of conserved residues, suggest functionally 
important residues that may be involved in interac-
tions with the molecular partners of titin. Furthermore, 
we have modeled the structure of module pairs. 
Different behaviour is expected for tandem type I 
domains (present only in the sarcomere A-band in the 
context of super-repeats) and type II modules (present 
only in the I-band). We can show that immunoglobu-
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lin-like modules have no conserved patterns in the 
module-module interfaces, and therefore behave as 
stiff but independent units (Improta et al., 1998). In 
contrast, type I modules have strong sequence conser-
vation of the residues at the termini of the module as 
well as in the loops pointing towards the module-mod-
ule interface, suggesting that the relative orientation of 
contiguous modules will be fixed and reproduced in 
the super-repeats in an orderly way. The presence of 
conserved prolines at the protein surface also supports 
the hypothesis that these residues may be implicated in 
interactions with other muscle proteins, such as 
myosin and protein C. Part of this work was carried 
out in collaboration with M. Nilges. 

The role of a conserved histidine in the 
hydrophobic core of the KH module 
(F. Fraternali, G. Musco) 

The K-homology (KH) module is an evolutionarily 
conserved sequence motif of about 70 amino acids. It 
was originally identified in single or multiple copies in 
a wide variety of quite diverse proteins which all work 
in close association with RNA. Accumulating evidence 
suggests that the KH module itself is an RNA binding 
motif. The structures of a representative KH motif from 
vigilin and of the first KH domain of FMRI have been 
recently solved by means of NMR and automated 
assignment-refinement techniques (Musco et al., 995, 
1997). A His in position 21 is conserved in all the 15 KH 
repeats of vigilin; in all of the other related proteins this 
position is reserved for a hydrophobic residue. There-
fore, a his tine residue in this postion must have a key 
role in holding the hydrophobic core in place. 

To characterise the environment of His 21, extensive 
structural refinement was achieved using both an 
improved protocol with the program ARIA (work done 
in collaboration with M. Nilges) and AMBER simula-



tions in water. Analysis of the secondary structure ele-
ments, solvent accessibility and hydrogen bonding 
patterns have allowed hypotheses on the structural 
role of residue His 21. In the resulting structures, His 21 
is at the frontier of the hydrophobic core and is either 
directly involved in an intramolecular hydrogen bond 
with the carboxy-group of Pro 46, or this interaction is 
mediated by a chain of water molecules. The environ-
ment of His 21 is proton-rich. In the proximity, His 18 
is on the protein surface -and could act as proton catch-
er. By simulations, we were also able to reproduce the 
experimental observation that at acidic pH the whole 
domain unfolds: once the histidine is protonated, the 
side chain moves towards the surface, breaking some 
of the key interactions that hold the hydrophobic core 
in place, with consequent unfolding of the domain. 

The DEP module 
(H. Kharrat) 

Pleckstrin is the major substrate of protein kinase C in 
platelets. It contains two pleckstrin homology (PH) 
domains at its N- and C-termini which have been pro-
posed as mediators of protein-protein and protein-
lipid interactions. A new module, called DEP, has 
recently been identified by sequence analysis in the 
central region of pleckstrin. In order to study this mod-
ule, several recombinant polypeptides corresponding 
to the DEP module and N- and C-termini extended 
forms were expressed. Using circular dichroism and 
NMR techniques, the domain boundaries were deter-
mined and a soluble and stably folded pleckstrin DEP 
domain was produced (Kharrat et al., 1998). This com-
prises 93 amino acids with an in agreement 
with secondary structure predictions. Stability studies 
indicated that the regions surrounding the DEP 
domain do not contribute to its stability suggesting 
that the phosphorylation sites at S113, T114 and S117 
are in an unstructured region. 

Identification of the regions of pleckstrin that are fold-
ed should facilitate determination of its structure and 
function. An NMR structure determination of the 
domain is currently in progress in collaboration with 
M. Sattler. 

Allergens 
(L. Vangelista) 

More than 20% of the world population suffers from 
type I allergic symptoms, which range from rhinitis to 
asthma. The study of plant allergens and of the mech-
anism which induces allergic reactions is therefore of 
very high importance. In collaboration with groups in 
Vienna and Milano, we have been working on the char-
acterization of the interactions between IgE and its 
high affinity receptor. 
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Assistant: A. Warne 

Research in this group has focused on membrane pro-
tein complexes that function in cell respiration, as well 
as on the evolution of bioenergetic mechanisms. In 
addition, the structure and function of domains in 
cytoskeletal and signaling proteins have been studied 
using crystallography and NMR spectroscopy. The lat-
ter project derives from our interest in the structure of 
spectrin, a major component of the cortical cytoskele-
ton. 

Cytochrome oxidase 

Cytochrome oxidase is a key respiratory enzyme. The 
enzymes that oxidize cytochrome c are found both in 
mitochondria and bacteria. They are membrane pro-
tein complexes which contain haems and copper ions, 
and function as redox-linked proton-pumps. Electrons 
from cytochrome c are transferred via a copper centre 
(CUA) and a haem group to the bimetallic active site 
containing a haem iron and another copper (CUB). CUA 
resides in a membrane-exposed domain that also con-
tains a part of the cytochrome c-binding site. In bacte-
ria, homologous enzymes use quinol as electron donor. 
Their core structures are similar to those of cytochrome 
c oxidases but they lack the CUA centre. 

In recent years, a major effort in our group has been to 
obtain diffracting two- and three-dimensional crystals 
of bacterial cytochrome c and quinol oxidases. 
Recently, our studies of two-dimensional crystals has 
led to determination of a low-resolution (6 A) projec-
tion structure of the Escherichia coli cytochrome bo 
quinol oxidase complex, using electron cryo-
microscopy. This structure compares well with the 
three-dimensional structure of bacterial cytochrome c 
oxidase, demonstrating that the enzymes in two 
branches of the haem-copper oxidase superfamily 
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indeed share the same structure. Spectroscopic (EPR) 
studies of the CUA centre of cytochrome c oxidase have 
revealed additional details of the electronic properties 
of this dinuclear, mixed-valence copper centre. 

Origin of respiration and nitric oxide 
reductase 

Previous studies of two terminal oxidases of the 
archaebacterium Sulfolobus acidocaldarius have shown 
that both are hybrids between cytochrome c reductase 
and cytochrome oxidase and contain subunits of 
cytochrome oxidase in complex with the core subunits 
(cytochrome b and the Rieske iron-sulphur protein) of 
the cytochrome c reductase (cytochrome bCl). The dis-
covery that the archaeal oxidases are homologous to 
the eubacterial and mitochondrial respiratory enzymes 
led us to discussions regarding the evolution of aerobic 
respiration. The common ancestor of Eubacteria and 
Archaea must have already possessed a sophisticated 
respiratory chain containing both cytochrome bCl and 
cytochrome oxidase. On the other hand, an oxygenic, 
chlorophyll-based photosynthetic apparatus was prob-
ably not present in this ancestor. Therefore, it seems 
that aerobic respiration is older than oxygenic photo-
synthesis, and that it had evolved before dioxygen 
became an abundant component of the atmosphere. 
We have discussed the implications of this paradox on 
the early evolution of metabolism and called this evo-
lutionary scenario the "respiration-early hypothesis". 

Molecular archaelogy has identified evolutionary links 
between denitrification ("anaerobic respiration") and 
oxygen-utilizing respiration. We started to study a bac-
terial denitrification enzyme, nitric oxide reductase 
(NOR), after it became clear that it is a member of the 
cytochrome oxidase superfamily. NOR shares a major 



Structural Biology Programme 

Figure 1 

Projection map of the nitric oxide reductase from Pa. denitrificans at 8 A. resolution. A two-dimensional crystal (a flattened tube; scale 
bar 0.5 mm) is shown ill (a), and the projection map which results from electron cryo-microscopy and image analysis is shown in (b). 

a 

subunit with conserved haem-binding sites and a 
bimetallic active site with cytochrome oxidases. 
However, the active site appears to be a haem/iron 
rather than a haem/ copper centre. The other interest-
ing difference from the oxygen-reducing enzymes is 
that NOR does not conserve energy in the form of a 
transmembrane proton gradient. Current work has 
produced excellent enzyme preparations from a num-
ber of purple bacteria, which have been characterized 
biochemically and spectroscopically. The first projec-
tion map has also been determined by analysis of two-
dimensional crystals of the enzyme from Paracoccus 
denitrificans (Figure 1). We wish to explore the structure 
and function of NOR in the future, and to attempt to 
engineer it to an oxygen-reducing and proton-pump-
ing cytochrome oxidase. 

b 

Spectrin domains 

Our second project deals with the structure and func-
tion of spectrin domains. Spectrin is a large elongated 
protein and a major component of cortical cytoskeleton 
in animal cells. It is also present in the trans-Golgi net-
work. Spectrin is a heterodimer where each of the (X-

and p-subunits is made of repeating units. The canoni-
cal repeat has 106 amino acid residues and folds into a 
triple helical structure as revealed by the NMR studies 
in collaboration with Michael Nilges (Figure 2). Unique 
domains that carry the functional properties of spectrin 
are flanked between the repeats or found in the termi-
ni 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 
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H59 W22 

K48 E33 

Figure 2: 
The solution structure of the spectrin repeat has been deter-
mined using NMR spectroscopy. The structure is an antipar-
allel, triple-helical coiled-coil. 
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the three-dimensional structure of spectrin using infor-
mation on individual domains and their pairs as well 
as a global domain map of spectrin which may become 
available via electron microscopy and further crystal-
lographic studies. 

The N-terminus of has the actin-binding 
region. The C-terminal region of a-spectrin resides 
close to this region in the head-to-tail heterodimer. It is 
related to calmodulin and contains two active calcium-
binding EF-hands. The F-actin binding region is con-
served in the protein family including spectrin, a-
actinin and dystrophin, and is found in other proteins 
such as fimbrin. Sequence analysis and electron 
microscopy have shown that this region can be divid-
ed into two related parts which we have termed 
"Calponin Homology" (CH) domains due to their 
homology to the N-terminal domain in calponins, 
actin-binding proteins that regulate smooth muscle 
contraction. As a single copy, the CH domain is also 
present in signaling proteins such as Vav and thus rep-
resents yet another case of a protein module present 
both in cytoskeletal and signal-transducing proteins. 
The crystal structure of a modular CH domain at 2.0 A 
resolution shows that its overall architecture is domi-
nated by four a-helices, each composed of 11-18 
residues, connected by long loops. The structure has a 
new fold that represents a prototype for the whole fam-
ily as confirmed by the recent structure of the actin-
binding region of fimbrin. 

Signalling via PH domains 

Structural activity at the EMBL has acquired a particu-
lar flavour through concerted efforts on signal-trans-
duction domains. This has been fostered by intercala-
tion of biocomputing activity and experimental struc-
tural studies, particularily by NMR. Our group has 
been mediating these studies through the input of bio-
logical questions and biochemical expertise. 

The general isoform of contains a 
"Pleckstrin Homology" domain at the C-terminus. 
This domain is particularly abundant in signaling pro-
teins. Most members of the PH domain family appear 
to be involved in interactions with membrane lipids. 
The solution structure of the spectrin PH domain was 
determined in collaboration with Hartmut Oschkinat 
and Michael Nilges. We further characterized the inter-
action of phosphorylated head groups of phosphatidyl 
inositol phosphates with the PH domain of spectrin by 
crystallography. Such an interaction suggests a mecha-
nism for the reversible anchorage of proteins contain-
ing PH domains to cell membranes. 

Bruton's tyrosine kinase (Btk) is an enzyme involved in 
the maturation of B-cells. It is a target of mutations 
causing X-linked agammaglobulinemia (XLA) in man. 



We have determined the structure of amino-termi-
nal part of Btk by X-ray crystallography. This part 
of the kinase contains a PH domain and so-called 
Btk motif. Point mutations within the Btk PH 
domain which cause XLA can be classified to either 
structural or functional in the light of the three-
dimensional structure and biochemical data. All 
functional mutations cluster into the positively 
charged end of the molecule around the predicted 
binding site for phospl1l:l.tidyl inositol-tris-phos-
phate. It is likely that these mutations inactivate the 
Btk pathway in cell signaling by reducing its affin-
ity for inositol phosphates, which in turn causes a 
failure in the translocation of the kinase to the cell 
membrane. 

A small number of signaling proteins contain a Btk 
motif that always follows a PH domain in 
sequence. This small module has a novel fold 
which is held together by a zinc ion bound by three 
conserved cysteines and a histidine. The current 
structural information opens new ways to study 
the role of the PH domain and Btk motif in the cel-
lular function of Btk and the molecular basis of its 
dysfunction in XLA patients. 

Molecular details of muscle 

Mathias Gautel is a visiting scientist in the group. 
His team has been studying biochemical aspects of 
the targeting and control mechanisms that are 
involved in myofibrillogenesis of striated sarcom-
eres. He has been able to show how specific inter-
actions between immunoglobulin-like domains of 
titin and other myofibrillar components are 
involved in determining the spatial position of C-
protein and correlate to the packing of the myosin 

• titin immunoglobulin III titin Z-repeat 0=.=-=.=9 Ct-actinin 
domain 

J titin non-modular 
sequences 

Figure 3 

nebulin ® phosphorylation 
site 

A model of the assembly including a-actin in, titin (N-
terminus) and nebulin (C-terminus) within the Z disk. 
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rod. Using ultrastructural and biochemical approach-
es, the layout of titin in its anchoring regions, the Z-
disk and M-band, could be defined. In the Z-disk, a 
novel 45-residue repeat of titin has been identified to 
provide a variable element in control of Z-disk thick-
ness. The Gautel team continues its detailed analysis of 
the molecular interactions that are necessary for the 
assembly of Z-disk (Figure 3). 
Studies on the elasticity of titin, in collaboration with 
Sigfried Labeit and Annalisa Pastore, have shown that 
the immunoglobulin domains in the I-band provide 
extensible linkers that become stiff at high sarcomere 
lengths, and that the "PEVK"-region of titin is respon-
sible for the rubber-like properties. Joint work on the 
molecular structure is focused on the protein kinase 
domain of titin (with Matthias Wilmanns, EMBL-
Hamburg) and the immunoglobulin domains of titin in 
the I-band (Annalisa Pastore, London). Folding and 
unfolding of single titin repeats has been measured by 
atomic force microscopy in collaboration with 
Hermann Gaub (Munchen). 
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The structure and dynamics of proteins and protein complexes 
throughNMR 

Group Leader: M. Sattler* 

Staff scientist: J. Schultz 

Postdoctoral fellow: L. Zhihong* 

Predoctoral fellow: K. Zanier* 

NMR spectroscopy is a powerful technique to study 
the structures and the dynamics of biological mole-
cules in solution. Continuous developments in NMR 
methods combined with efficient molecular biology 
techniques for obtaining 13C, 15N and 2H-labeled pro-
teins and nucleic acids have dramatically improved the 
quality of the NMR data and thus increased the molec-
ular weight limit of molecules that can be studied by 
NMR. In addition, novel structural restraints (from 
residual dipolar couplings and cross-correlated relax-
ation) have been recently introduced. These promise to 
push the molecular weight limit well above 30 kDa and 
to improve the precision and accuracy of structures 
determined by NMR. 

The three-dimensional structures of proteins and pro-
tein complexes form a basis to understand molecular 
recognition at an atomic level. In combination with 
functional assays and/ or mutational studies, the struc-
ture of a protein may also provide insight into its func-
tion. We are studying the structure and dynamics of 
protein domains and protein complexes using het-
eronuclear multidimensional NMR techniques. The 
research in the group focuses on three topics: structure 
determination of protein domains, structure and 
dynamics of protein/RNA interactions and NMR 
methods. 

Protein domains 

Many eukaryotic proteins consist of domains which 
can be identified from sequence alignments and which 
typically consist of 100-150 amino acids. These struc-
turally independent units often function in binding to 
proteins or nucleic acids. Due to small size, the struc-
tures of these domains can be efficiently determined by 
NMR. The three-dimensional structure may then pro-
vide clues about possible functions and/ or interactions 
with other molecules. 

HRDC domain 

Bloom's and Werner's syndrome are autosomal reces-
sive disorders wit.\:t clinical symptoms resembling pre-
mature aging. They are characterized by a predisposi-
tion to a variety of cancers and chromosomal instabili-
ty. The Werner's and Bloom's syndrome genes have 
been cloned and the encoded proteins were found to be 
very similar to the RecQ family of DNA helicases. 
Recently, Peer Bork and colleagues at EMBL have 
defined a conserved domain in the C-terminal part of 
RecQ helicases and RNase D homologues. This 
domain, called HRDC (Helicase and RNase D C-termi-
nal domain), is also found in Werner's and Bloom's 
syndrome genes, and a number of disease-causing 
mutations that affect the HRDC domain in these genes 
have been mapped. For the yeast helicase Sgsl it has 
been shown that a mutant lacking the HRDC domain 
is non-functional in vivo. The secondary structure of 
the HRDC domain has been predicted to be all a-heli-
cal with a possible function in nucleic acid binding. In 
order to gain further insight into the important func-
tional role of the HRDC domain, we are currently 
determining its three-dimensional structure. The 
15N,lH-HSQC and the 2D NOESY shown in Figure 1 
indicate-as predicted-an a-helical secondary struc-
ture for this domain. 

SAND domain 

The SAND domain is found in modular chromatin-
associated proteins, some of which also contain other 
protein domains, i.e. PHD zinc finger and bromo 
domains. These small intracellular domains often func-
tion as protein/protein interaction modules. How-
ever, the interaction partners of these domains are not 
known and it is not well understood how proteins con-
taining these modules are involved in the regulation of 
higher order chromatin structures. The SAND domain 
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Figure 1 

NMR spectra of the HRDC domain 
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has also been found in the AIRE-1 gene, which is 
involved in the autoimmune polyglandular syndrome 
APECED. Interestingly, a conserved arginine residue 
within the SAND domain of AIRE-1 is affected by the 
predominant mutation found in Finnish APECED 
patients. 

The SAND domain is predicted to be a protein. 
Conserved, positively-charged residues suggest a pos-
sible function in nucleic acid binding, and there are 
indications that the DNA-binding of the Drosophila 
DEAF-1 protein is mediated through its SAND 
domain. Thus, the three-dimensional structure of the 
SAND domain might reveal a novel all-b- structure 
nucleic acid binding motif. In order to gain further 
insight into the function of the SAND domain, we are 
currently determining its three-dimensional structure. 
In collaboration with Rein Aasland (University of 
Bergen), we will also investigate the potential DNA 
binding. Initial NMR results indicate that the SAND 
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domain indeed adopts a predominantly 
fold. 

Protein/RNA interactions 

Protein/RNA interactions are functionally important 
at various levels of the regulation of gene expression, 
i.e. in mRNA processing (editing, splicing). From the 
three-dimensional structures of protein/RNA com-
plexes that have been determined so far, it is known 
that protein/RNA recognition is often characterized by 
mutual induced conformational fit. We are interested 
in studying structure and dynamics of protein/RNA 
interactions. In addition to determining the three-
dimensional structure, NMR spectroscopy can also 
yield important information about dynamics and 
mobility on different time scales, e.g. from the analysis 
of heteronuclear relaxation experiments applied to the 
protein and the RNA. For these studies we have start-
ed the preparation of isotopically-labeled RNA using 



T7 polymerase transcription with 13C, 15N-Iabeled 
nucleotides. 

Recognition of the 3' stem-loop of histone mRNA 
by the hairpin binding protein (HBP) 

Histone proteins are essential for binding and organiz-
ing chromosomes into chromatin structures. Thus, dur-
ing the S-phase of the cell cycle, when DNA is synthe-
sized, the rate of must be according-
ly controlled. An important mechanism for the regula-
tion of replication-dependent his tones operates via his-
tone mRNA processing. Histone mRNA contains a 
conserved 26-base sequence at the 3' tail adopting a 3' 
RNA stem-loop structure. This 3' hairpin distinguishes 
histone mRNA from other mammalian mRNAs. It is 
required for processing of the histone transcripts, 
which involves cleavage at the 3' end. Recently, histone 
hairpin binding protein (HBP) has been found to be a 
factor that specifically recognizes the 26-base 3' hairpin 
and is required for efficient mRNA processing. The 
RNA binding domain of HBP has been mapped to a 
-90 residue peptide which might define a novel RNA 
binding motif. In collaboration with Berndt Muller 
(University of Bern, Switzerland), we have initiated 
structural studies on the complex between the RNA 
binding domain and the cognate hairpin RNA. 
Currently, we are preparing the RNA hairpin molecule 
by in vitro transcription with T7 polymerase and we are 
trying to overexpress the RNA binding domain of HBP 
in E. coli. 

NMRmethods 

Biomolecular NMR spectroscopy is still an emerging 
field. Recently, novel structural restraints have been 
derived from residual dipolar couplings in magnetical-
ly aligned molecules (e.g. from anisotropic magnetic 
susceptibility or in anisotropic dilute liquid crystal 
solution) and from cross-correlated relaxation effects. 
The novel parameters do not only contain additional 
structural information but also provide a priori long 
range structural restraints since they are distance inde-
pendent. Therefore, combining these restraints with 
NOE-derived distance restraints should improve the 
quality of NMR structures. We will use these parame-
ters for structure determination and explore their 
influence on the precision and accuracy of the calculat-
ed structures. 

In standard NMR structure calculations, the backbone 
angle \If is not restrained since information about this 
dihedral angle has not been available so far. In order to 
improve the structure determination, we are studying 
the use of dihedral angle restraints for the backbone 
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angle \If determined from the cross-correlated relax-
ation rate rDD/CSA of the Hcx,Ccx dipolar interaction 
and the C' chemical shift anisotropy (CSA). We have 
measured this relaxation rate on the SH3 domain of 
spectrin. A good correlation is observed between the 
experimentally determined relaxation rates and the 
angle \If in the crystal structure (Figure 2). We will 
investigate the influence of y dihedral angle restraints 
on the quality of the NMR structure and plan to extend 
the use of these restraints in the structure determina-
tion of other proteins. 
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Protein folding and stability 
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Technician: I. Angrand 

To understand protein folding, it is necessary to char-
acterize the thermodynamics and the kinetics of the 
folding reaction and therefore to determine the struc-
ture and energetics of the unfolded state under native 
conditions, folding intermediates, transition state and 
folded state. Only the folded state, the average proper-
ties of the unfolded state and stable folding intermedi-
ates are amenable to a detailed structural characteriza-
tion by NMR or X-ray diffraction (in the case of the 
folded state), while transient intermediates and transi-
tion states need to be characterized by kinetic methods. 
In our group we are trying to understand the confor-
mational properties of the different states prior to the 
folded state through a wide variety of techniques and 
approaches. Our goal is not only to have a description 
of the folding process of a particular protein, but to 
infer general rules and develop algorithms which have 
predictive power with other proteins and which can be 
used for rational design as well as to address biological 
problems. We believe that the combination of theoreti-
cal and experimental approaches is the most fruitful 
way to address a complicated problem like protein 
folding. 

Understanding the different factors deter-
mining secondary structure formation and 
stability 

Formation of is not yet well understood, due 
to its inherent complexity and the lack of simple model 
systems akin to those used for studying a-helix forma-
tion. To overcome these problems, we have succesful-
lyde novo designed a simple, context-free, model lin-
ear peptide system that folds into a regular 
structure (two antiparallel connected by a 
turn or short loop), with a type I' and three-
residue CD and NMR analysis of this pep-
tide, in aqueous solution, show that the peptide folds 
into the expected conformation. This simple model 
system is the equivalent of polyalanine-based peptides 
in the study of a-helix formation, and we have used it 
to dissect the importance of side chain-side chain inter-
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actions, as well as of the turn in hairpin formation and 
stability. 

General concepts in protein folding 

In collaboration with J. Forman-Kay (Canada), we have 
found that highly populated non-native secondary 
structure can be found in denatured states under mild 
denaturing conditions and that this does not prevent 
the protein from reaching the native folded conforma-
tion, nor does it have a significant effect on the folding 
kinetics. Comparison of the denatured states of the 
spectrin SH3 domain and that of the drkN SH3 domain 
demonstrates that proteins with the same fold can have 
very different denatured states (in preparation). 
Circular permutation of the spectrin SH3 domain in 
combination with a kinetic analysis of its folding tran-
sition state has shown that the order of the secondary 
structure elements does not determine the final fold 
and that proteins with the same fold can have very dif-
ferent transition states. Also, structural characteriza-
tion of protein fragments corresponding to the same 
secondary structure elements in structurally related 
proteins has shown that the secondary structure 
propensities are not conserved. Finally, the elongation 
of a loop in a protein by insertion of up to 10 Gly 
residues in the same domain does not significantly 
affect its stability or its folding kinetics. All these data 
strongly argue in favor of a thermodynamic mecha-
nism of protein folding for small single domain pro-
teins that is not under kinetic control or is consistent 
with kinetic requirements. Thus, the achievement of 
the native folded state for these proteins may not rely 
significantly on structural preferences of the chain in 
the denatured state, but may only require a sufficient-
ly large free energy gap between the folded and other 
alternative states. This conclusion is quite important 
for de novo protein design of small proteins (less than 
100 aa), since it implies that we mainly need to worry 
about the energetics of the folded state when designing 
a new sequence and not about its folding pathway. 



Protein design 

1L-4 

Interleukin 4 (IL-4) is a cytokine which plays a crucial 
role in the allergic response, and it is therefore a prime 
target for drug design. The fact that the in vitro refold-
ing process of IL-4 is inefficient and expensive pre-
cludes the use of an IL-4 mutant with antagonistic 
properties as a therapeutic agent. The three-dimen-
sional structure of IL-4 consists of a four-helix bundle, 
with the binding residues to the high affinity receptor 
IL-4Ra, mainly located in the adjacent anti parallel 
helices A and C. Using computer-aided molecular 
design we have reproduced the binding site of helices 
A and C on a Leu-zipper domain in a stepwise manner, 
stabilised through rational mutagenesis using our 
algorithm AGADIR. All the mutants are correctly fold-
ed in solution. The Kd values range from 2 mM to 5 
pM, proportional to the fraction of the IL-4 binding site 
incorporated and to the stability of our designed pro-
teins. We suggest that this IL-4 mimetic could be the 
basis for developing potent therapeutic drugs capable 
of alleviating the symptoms associated with allergic 
disease states. These molecules are already patented. 

Protein stability 

As discussed above, AGADIR can be used to rational-
ly increase the stability of proteins containing (X-

helices, as we have shown in four different proteins. 
Recently, we have succeeded with the same approach 
in containing proteins using the information 
gathered in our model peptide systems. 
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De novo protein design 

We have designed a protein (Betanova), which con-
tains 16 amino acid residues and forms a monomeric 
three-stranded anti parallel using a structural 
backbone template and an iterative hierarchical 
approach. Selection and optimization of a sequence 
compatible with our target backbone structure was 
performed considering our experimental information 
on stability, amino acid propensities 
and rotamer compatibility with a given peptide back-
bone. Structural (NMR) and physicochemical charac-
terization shows that conformation is stabilized 
by specific tertiary interactions and exhibits a coopera-
tive two-state folding-unfolding transition, a hallmark 
of natural proteins. This represents the first successful 
de novo design of an all linear sequence using 
only natural amino acids, showing that proteins could 
be surprisingly small. The Betanova molecule consti-
tutes a minimalist model system to aid in the under-
standing of formation, including aggre-
gation and amyloid fibril formation (Kortemme et al., 
1998). 

Signal transduction in prokaryotes and 
lower eukaryotes 

There are more than 70 different bacterial and yeast 
two-component signal transduction pathways. This 
two-component signal transduction system involves a 
membrane receptor, a His kinase coupled to the recep-
tor which passes the phosphate group to an Asp in the 
receiver domain protein and then interacts with the 
target (DNA, flagellum, etc.), and a phosphatase and 
methylase to backregulate the loop. Our group has 
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been working with the protein CheY as a model system 
for protein folding. Recently, in collaboration with the 
group of M. ColI, we have determined the X-ray struc-
ture of the PhoB receiver domain to 1.9 A resolution. 
PhoB is a transcription factor that activates more than 
30 genes of the bacterial phosphate assimilation path-
ways. This protein consists of two domains: a DNA 
binding domain, which displays a winged-helix motif, 
and a dimerization domain, homologous to the receiv-
er domain described for response regulators of the 
two-component signal transduction systems. 
Activation by phosphorylation induces dimerisation of 
the protein, a process that can be mimicked by deletion 
of the DNA binding domain. This is the first two-com-
ponent signal transduction receiver domain reported 
in its dimeric form. The dimeric structure of this pro-
tein shows how the phosphorylation signal in the two-
component signal transduction system might be trans-
lated into a conformational rearrangement that triggers 
a response. 
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Figure 2 

Average regularised NMR 
structure of Betanova as 
determined from NMR 
data. 

domain of spectrin. Comparison with the crystal struc-
ture. J. Biomol. NMR, 9, 347-357 

Blanco, EJ., Ortiz, AR. & Serrano, 1. (1997). Role of a 
non-native interaction in the folding of protein G Bl 
domain as inferred from the conformational analysis of 
the a-helix fragment. Fold. Des., 2, 123-133 

Ramirez-Alvarado, M., Serrano, 1. & Blanco, EJ. (1997). 
Conformational analysis of pep tides corresponding to 
ail the secondary structure elements of protein L Bl 
domain: Secondary structure propensities are not con-
served in proteins with the same fold. Protein Sci., 6, l-
B. 

Prieto, J., Wilmanns, M., Jimenez, M.A, Rico, M. & 
Serrano, 1. (1997). Non-native interactions in protein 
folding and stability: Introducing a helical tendency in 
the all a-spectrin SH3 domain. J. Mol. BioI., 268, 
760-778 

Prieto, J. & Serrano, 1. (1997). C-capping and Helix sta-
bility: The Pro C-capping motif. J. Mol. BioI., 274, 276-
288 

Viguera, AR. & Serrano, 1. (1997). Loop length, 
intramolecular diffusion and protein folding. Nat. 
Struct. BioI., 4, 939-946 

Ramirez-Alvarado, M., Blanco, EJ, Niemann, H. & 
Serrano, 1. (1997). Role of residues in 
formation and stability. J. Mol. BioI., 273, 898-912 

Other reference 

Kortemme, T., Ramirez-Alverado, M. & Serrano, 1. 
(1998). Design of a 20-amino acid, three-stranded beta-
sheet protein. Science, 281, 253-256 



Structural Biology Programme 

The structural analysis of membrane proteins 
and the signal recognition particle (SRP) 

Group Leader: I. Sinning 

Postdoctoral fellows: G. Montoya, O. Mol, P. Cronet, V. Panneels* 

Predoctoral fellows: C. Moser, S. Rodgers, K. te Kaat 

Visitors: A. Roth*, H. Savage*, D. Hiernault* 

Assistant: C. Svensson 

So far, most of the membrane protein structures that 
have been determined are from proteins involved in 
bioenergetics. The simple reason is that they are rather 
stable and can be isolated from their native membranes 
in amounts high enough for structural studies. 
Transporters and receptors are present only in minute 
amounts and over-expression has very often proved to 
be the major problem. We have started with the crys-
tallization of membrane transporters and with the 
expression of G protein coupled receptors (GPCRs) 
using different strategies, including expression in E. 
coli and insect cells (P. Cronet, V. Panneels). For the 
crystallization of transport proteins we are supplied 
with pre-purified protein or membranes. This includes 
melibiose permease (melB) from E. coli (with G. 
Leblanc, Villefranche-sur-mer, France), a phosphate 
carrier (ph084, with B. Persson, Stockholm) and the 
ADP / ATP carrier from yeast mitochondria (Anc2, with 
G. Brandolin, Grenoble). MelB belongs to a family of 
transporters which are believed to contain 12 trans-
membrane helices and performs the symport of the 
disaccharide melibiose with Na+ ions. Monoclonal 
antibodies for 3D crystallization are part of this project. 

Cytochrome bCl complex 

One of our main interests concerning membrane pro-
teins is the bacterial cytochrome bCl complex (or 
ubiquinol-cytochrome c oxido-reductase). A homolo-
gous complex (complex III) plays a key role in the res-
piratory chain in mitochondria. However, this complex 
consists of 10-12 subunits, whereas the bacterial com-
plex consists of only 3-4 subunits. The photosynthetic 
cytochrome bCl complex catalyzes the electron flow 
from ubiquinol to cytochrome C2 and creates a trans-
membrane electrical potential and a pH gradient 
which can subsequently be used for ATP synthesis. The 
three subunits are: a Rieske iron sulfur protein (con-
taining a 2Fe-2S-cluster), a cytochrome Cl (containing a 

single heme c) and a cytochrome b (containing two 
protohemes). 

In an extensive screening of "new" photosynthetic bac-
teria, we have identified a halophilic strain as source 
for a stable bCl complex. We have cloned and 
sequenced the genes and are now able to express the 
complex as well as individual subunits. Simon 
Rodgers (with Guillermo Montoya) has started 3D 
crystallization experiments and biochemical character-
ization of the complex. The isolated bCl complex 
appears free of lipids. It contains 6 quinones tightly 
bound per monomer and an additional 6 kDa compo-
nent. Due to the high quinone content of our complex, 
the Qo site is almost 100% occupied, which is very use-
ful for EPR experiments (together with W. Nitschke in 
Marseille). We were able to show that the protein is 
active as a dimer and monomerization can only be 
achieved under conditions which lead to a loss of the 
Rieske protein. 

Protein targeting by the signal recognition 
particle (SRP) 

The export of proteins from the cytoplasm across the 
cell membrane barrier is a universal problem for both 
prokaryotes and eukaryotes. Hydrophilic secretory 
proteins must traverse the hydrophobic environment 
of the cytoplasmic membrane in prokaryotes or the 
endoplasmic reticulum (ER) in eukaryotes. Most pro-
teins exported contain an N-terminal signal sequence 
which mediates targeting to and insertion into the 
membrane. In eukaryotes, the transport of secretory 
proteins to the endoplasmic reticulum (ER) is a fairly 
well-characterized process, summarized in Figure 1. 
SRP consists of six polypeptides (9, 14, 19,54,68 and 72 
kD) and one RNA molecule (7S RNA). The homolo-
gous complex in prokaryotes consists of only one 
polypeptide (in E. coli the so-called Ffh or P48) and a 
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Figure 1 

The four major steps of protein targeting by SRP are shown. 
SRP binds to the signal sequence as soon as it emerges from 
the ribosome (recognition). The SRP ribosome complex binds 
to the SRP receptor (SR) at the ER membrane (targeting) 
and the newly synthesized protein is translocated across the 
membrane (release/insertion). The process is controlled by 
GTPases which are present as distinct domains in SRP and 
the SRP receptor. GTP hydrolysis triggers the dissociation of 
SRP and SRP receptor (dissociation). 

recognition dissociation 
SRP 

4.5S RNA. The SRP54 protein in eukaryotes corre-
sponds to Ffh. A docking protein (Fts Y) has been iso-
lated from E. coli which is the functional homologue of 
the IX subunit of the SRP receptor from eukaryotes. 
FtsY associates only transiently with the membrane 
and forms a complex with Ffh when both proteins con-
tain GTP. Complex formation leads to a reciprocal 
stimulation of both GTPases. Therefore, Ffh and FtsY 
have been proposed to act as GTPase-activating pro-
teins (GAPs) for each other. 

The GTPase domains present in SRP and SRP receptor 
form a distinct sub-family of GTPases. It is very inter-
esting to compare the structure of these SRP-GTPases 
with other well-known GTPases such as p2Fas. 
Guillermo Montoya has determined the structure of 
the NG-domain of FtsY at 1.85 A resolution. The struc-
ture resembles p2Fas, but also shows a number of dis-
tinct differences, such as an insertion (I-box) in the 
effector region. Regions involved in complex formation 
with Ffh could be identified. The active site (Fig. 2) is 
wide open and explains the low binding affinity for 
guanine nucleotides. Claudio Moser has characterized 
the nucleotide binding kinetics in more detail using 
fluorescence measurements (in collaboration with R. 
Goody, Dortmund). We could show that the dissocia-
tion rate constant is about 105 times higher than in Ras, 
but very similar to the rate constants obtained for Ras-
type GTPases in complex with an exchange factor. 
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From this, and based on the interactions between the 1-
box and the G domain in the crystal structure, we have 
proposed the I-box as a built-in exchange factor. 
Together with the low affintiy for nucleotides, this 
implies that SRP-GTPases do not act as molecular 
switches in the way that Ras-type GTPases do and that 
they are regulated in a different manner. Currently we 
are probing the influence of point mutations on the 
nucleotide binding kinetics and on complex formation 
with Ffh (in collaboration with J. Luirink, Amsterdam). 
K:ai te Kaat and Olaf Mol have started on the expres-
sion and crystallization of SRP components from other 
sources (with Ralf Moll, Lubeck). Since in E. coli, the 
SRP RNA is needed for complex formation with the 
receptor, Olaf Mol is working on the "large-scale" pro-
duction of several RNA constructs. The RNA is 
obtained by in-vitro transcription of an artificial gene. 

Other projects 

Phospho-adenylyl-sulfate (PAPS) reductase is in-
volved in assimilatory sulfate reduction, which is the 
source of cysteine and methionine and all sulphur-con-
taining metabolites (collaboration with J. Schwenn, 
Bochum). The enzyme catalyzes the reduction of sul-
fate to sulfite with thioredoxin as an electron donor. 
We were able to crystallize and solve the structure of 
PAPS reductase at 2.0 A resolution (in the reduced 
form) as a first step towards understanding the mech-

.Mg 2 
GMP-PNP A'" 
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, 

Figure 2 

Superposition of the active site of p21"as (light grey, contain-
ing GMP-PNP and Mg) with FtsY (dark grey). The four 
consensus elements are marked (P-Ioop, G2-4). The 
insertion in the effector region is marked (I-box). Two con-
served residues D449 and T331, involved in base recognition 
and hydrolysis, respectively, are labeled. 



anism of this enzyme. We are currently working on the 
oxidized form in order to reveal the mechanism of the 
reduction, which involves a major conformational 
change. The structure of PAPS reductase is related to 
N-type ATP PPases. Since ATP sulphurylases are 
expected to have a similar fold, these proteins have 
been proposed as a new family of homologous 
enzymes with adenine nucleotide a hydrolase activity. 
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The structural basis of protein-nucleic acid interactions 
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Pre doctoral fellows: H. Raaijmakers, C. Romier*, I. Toro 

Assistant: H. Dreher 

During 1997, the research activities of the group were 
focused entirely on protein-nucleic acid interactions. 
Combining X-ray crystallography with site-directed 
mutagenesis and biochemical techniques, we are 
studying the structure and function of nucleases and 
recombinases, DNA-recognition by transcription fac-
tors, and proteins interacting with and/ or modifying 
tRNAs. 

Structure-selective nucleases 

A common property of the nucleases we are studying 
is the fact that they show little sequence-specificity, but 
at the same time exhibit varying degrees of structure-
specificity or selectivity, i.e. they somehow recognise 
certain structural features of their respective substrates 
(Suck, 1997; 1998). The level of their structural selectiv-
ity ranges from simple discrimination between single-
and double-stranded DNA to the recognition of spe-
cialized structures like flap DNA or DNA-junctions. 
The architecture of the fungal nucleases PI and Sl ren-
ders their active sites inaccessible to double helical sub-
strates and thereby directly explains their preference 
for single-stranded substrates. In the case of DNase I, a 
system we have studied extensively in the past, struc-
tural selectivity originates from the requirement for a 
certain minor groove geometry and/or flexibility of 
the DNA, which in turn leads to strongly varying cut-
ting rates. In T5 5'-3' exonuclease, which also acts as a 
structure-specific endonuclease, the selectivity for flap 
DNA is based on the presence of a helical arch motif. 
The bipolar charge distribution and the relative orien-
tation of the two binding channels found in the very 
recently solved 3D-structure of the T4 endonuclease 
VII dimer provides the basis for understanding the 
selectivity of this prototypical junction-resolving 
enzyme for branched DNA. 
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Single-strand specific nucleases Sl and PI 

The structure of Sl nuclease from Aspergillus oryzae has 
been determined by molecular replacement and 
refined at 1.8 A resolution (R=17.8%). As expected 
from the sequence homology (50% identity), the struc-
ture is very similar to that of PI nuclease from 
Penicillium citrinum, with significant differences con-
fined to two loop regions. The secondary nucleotide 
binding site formed by two tyrosine rings in PI is miss-
ing in Sl, possibly explaining the somewhat different 
substrate specificties of the two enzymes. Further 
insight into the catalytic mechanism is expected from 
soaking experiments, followed by immediate flash-
freezing, with unmodified oligonucleotides. 

Complexes of PI nuclease with the dithiophosphory-
lated oligonucleotides AT, ATTT, and ATAAAA show 
how different bases are recognized at the active site by 
a combination of stacking and hydrogen bond interac-
tions explaining the subtle base preferences and differ-
ences in the pH optima for hydrolysis of homopoly-
mers (Romier et al., 1998). Based in particular on the 1.8 
A structure of the P1-ATTT complex, which can be con-
sidered an enzyme-substrate complex, we propose a 
"three-metal-ion" mechanism involving all three zinc 
ions in catalysis (Figure 1). 

T5 5'-3' exonuclease: recognition of DNA 
flap structures 
(collaboration with J. Sayers, University of Sheffield) 

5' -3' exonucleases are involved in DNA replication and 
repair and in many cases have been shown to possess 
structure-specific endonuclease activity besides their 
obvious exonucleolytic activity. The 33 kDa T5 exonu-
clease shows functional as well as significant sequence 
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homology with the 5'-3' exonuclease domains of 
eubacterial DNA polymerases, T4 RNase H, and 
eukaryotic 5' -nucleases. As reported last year (Ceska et 
ai., 1996), the crystal structure of T5 exonuclease has 
been determined at 2.5 A resolution, revealing a novel 
DNA-binding motif, the helical arch. Based on the 3D-
structure and the associated surface charge potential 
we have proposed a model for the binding and cleav-
age of DNA flap structures consistent with a threading 
mechanism, whereby tire displaced 5' single strand 
slides through the arch formed by three helices con-
taining positively-charged and exposed hydrophobic 
residues, until it is cleaved near the bifurcation point. 
The active site is located at the base of the arch and 
contains two metal binding sites, 8 A apart, which are 
formed by conserved aspartic acid residues. Structural 
superposition revealed significant homology with T4 
RNaseH and the 5'-3' exonuclease domain of Taq poly-
merase, and surprisingly also with the functionally 
unrelated yo resolvase (Artymiuk et aI., 1997). 
Interestingly, the helical arch region is disordered in 

\\ 
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the homologous structures, and a recently determined 
T5 mutant (K83A) also showed no visible density for 
this region, suggesting that the mobility has a func-
tional role. 

Structural and biochemical studies of mutants and 
cocrystallization experiments with oligonucleotides 
are underway to investigate the catalytic mechanism 
and the binding of flap DNA. 

T4 endonuclease VII: recognition of 
branched DNA 
(collaboration with B. Kemper, University of Cologne) 

The recognition and resolution of DNA junctions is an 
essential step in recombination and repair. T4 endonu-
clease VII (Endo VII) is the prototypic junction-resolv-
ing enzyme and was the first shown to resolve 
Holliday junctions in vitro. Its major function in vivo 
appears to be the resolution of branch points prior to 
packaging of the DNA into the phage head. In contrast 

Figure 1 

Top: stereo representation of the Pl-ATTT 
complex. Shown are the Ca-positions of 
two neighbouring PI molecules with the 
bound tetranucleotide drawn in bold. The 
5' -terminal A is stacked between Tyr144 
and Tyr155 of the first molecule, while the 
3' -terminal T is bound at the active site of 
the second molecule stacking against F61. 

Bottom: Proposed catalytic mechanism of 
PI nuclease. The hydroxide ion (shaded 
sphere) bridging 2nl and 2n3, and proper-
ly oriented by Asp45, is attacking the phos-
phate in-line with the P-03'-bond. 2n2 is 
stabilizing the leaving 03'-oxyanion, while 
Arg4S neutralizes the additional negative 
charge developing during the transition 
state. 
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to other resolvases, Endo VII has a rather broad sub-
strate specificity for branched DNA, ranging from cru-
ciform structures to simple mismatches. An important 
medical application is its use for screening for point 
mutations. Endo VII, a 18 kDa protein containing one 
zinc atom per monomer, is active as a dimer and nicks 
both strands 3' of the helical branch point in independ-
ent, however nearly simultaneous reactions catalysed 
by Mg2+ ions. The cleavage pattern is influenced by the 
local sequence. 

We have very recently determined the structure of 
Endo VII from monoclinic crystals containing a dimer 
in the asymmetric unit at 2.1 A resolution, by MIR 
techniques using a selenomethionine labeled protein 
expressed in E. coli. Endo VII exhibits a novel fold 
showing no resemblance to the structure of RuvC, a 
Holliday junction resolvase from E. coli (Ariyoshi et al., 
1994). The Endo VII monomers, which appear not to 
possess a stable fold on their own, are extensively 
intertwined, forming an elongated dimer. The pro-
nounced bipolar charge distribution suggests that the 
DNA binds on the predominantly positive charged 
face in two binding clefts separated by roughly 30 A. 
The bound zinc ions are essential for stabilizing the 
fold. 

Cocrystrallization experiments are presently under-
way with cruciform DNA and duplexes containing a 
mismatch. The crystal structures of the substrate com-
plexes will shed light on the mechanism of binding and 
cleavage of branched DNA In particular, it will be 
exciting to see how Endo VII recognises such diverse 
structures as 4-way junctions and mismatched DNA 

Other projects 

Arc1 p; HNFl/DCoH; structural studies of bHLHZ 
proteins; tRNA-guanine transglycosylase; Cre recom-
binase. 

Publications during the year 
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The aim of the group is to implement and develop 
methods that facilitate macromolecular crystal struc-
ture determination. The group therefore supports the 
X-ray laboratory equipment, crystallographic software 
and much of the graphics software. It is felt, however, 
that this task is more effectively realized when closely 
connected with an active research effort using the sup-
ported facilities. 

Methodological developments 

The PDB query system (WHUD), which we have pre-
viously described, has been ported to Unix. A distribu-
tion kit is now available. We have continued to work 
on an algorithm which, from an electron density map 
and a backbone trace, determines the likely position of 
a stretch of polypeptide chain in the sequence by 
analysing the electron density around the positions. 
An SCSI interface for our Brucker Xl00 instrument has 
been designed and built by the Boulin Group, and we 
have written software to allow data collection to be car-
ried out from an SGI Indy. This was part of the move, 
completed during the year, to convert all our data col-
lection instruments to run under a Unix operating 
sytem. 

We have designed and built a double Franks mirror 
system with two long mirrors which operates in vacu-
um and shows superior performance to a commercial 
long-short system that we installed last year. We have 
mounted this system for use with the new MAR345 
scanner that was installed at the end of the year and are 
building a second system for use with another instru-
ment. We have also designed and built a pressure cell 
which allows a crystal mounted in a cryoloop to be 
placed under 4 to 10 bar pressure of xenon. The pres-
sure can be quickly released and the crystal flash 
cooled within about 10 seconds, trapping any bound 

xenon in the crystal. The device has been successfully 
used to solve the structure of the perchloric acid solu-
ble protein (see Saraste group report). 

David Thomas has contributed to the development of 
new NMR pulse sequences in collaboration with the 
former Oschkinat group. 

Replication proteins 

One of our major goals has been to reach a structural 
understanding of adenovirus DNA replication, which 
pro cedes by strand displacement synthesis via a pro-
tein priming mechanism. The virus encodes for four 
proteins that are essential for replication of the viral 
DNA, the polymerase (pol), the preterminal protein 
(pTP), the single-stranded DNA binding protein (DBP) 
and a protease that is required to cleave pTP to the ter-
minal protein (TP) of the mature viral genome. We 
have continued our work on DBP, the C-terminal 
domain of which is replication-competent in in vitro 
assays. We have shown that DBP acts as the helicase in 
adenovirus DNA replication, and that deletion of the 
17 aa C-terminal extension (C) makes the protein 
defective in elongation but not in initiation. 
Surprisingly (and contrary to original indications), the 
cooperativity of ssDNA binding was reduced but not 
eliminated in the C-terminal deletion mutant. A long 
loop (FL) is not visible in either crystal structure and 
we had postulated that this is folded over the DNA like 
a clamp. We made and deletion mutants 
which show that absence of the FL reduces DNA bind-
ing and also reduces cooperativity, whereas absence of 
C and FL abolishes cooperative binding completely. As 
reported last year, we have made three hinge region 
mutants. The N512P mutant is not replication compe-
tent and does not bind to stretches of poly(dA). It can, 
however, be crystallised and is isomorphous with crys-
tals of the wild type protein. 
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We have expressed and purified pTP (also from AdS), 
and have taken it through extensive crystallization tri-
als without success. This could be because the protein 
has more than one domain with a flexible linker (it is 
cleaved in two steps by the adenovirus protease); how-
ever, the TP is of less interest to us because it is not 
capable of forming a complex with pol and is therefore 
not active in the initation of replication. The expression 
of pol in the baculovirus system that we use is very 
poor. We believe this is 'because it is very sensitive to 
proteases. We have cotransfected with recombinant 
virus producing pTP and pol and get somewhat high-
er yields of the 1:1 pTP Ipol complex that have enabled 
us to carry out some crystallization trials. We now wish 
to coexpress pTP and pol, and we expect to get much 
better yields of the complex. 

The herpes viruses code for seven proteins that are 
required for viral DNA synthesis. We wish to deter-
mine the structure of the single-stranded DNA binding 
protein of herpes simplex virus 1 (ICP8) because it is 
unusually large for an SSB (128 kDa) and shows, at 
best, a weak signal for a sequence repeat. We have 
expressed and purified the full length protein and have 
shown that under reducing conditions, and in contrast 
to other SSBs, it is monomeric in solution. Under oxi-
dising conditions it oligomerises, and there is evidence 
that the oligomerisation and possibly the cooperativity 
of DNA binding are mediated by surface cysteine 
residues. The protein crystallizes as small, very thin 
plates over a narrow pH range and in the presence of 
Mg2+ or Ca2+. Macro seeding has allowed us to grow 
diffraction size crystals, but the resolution limit-cur-
rently 8 A-is inadequate. Our limited proteolysis 
experiments show that the major proteolytic products 
copurify. Study of the sequence indicates two possible 
flexible linkers. To date we have constructed, 
expressed and purified the C-terminal deletion 
mutant. These crystals are larger and grow more rap-
idly and the diffraction limit is better at 6 A, but still 
inadequate. We are constructing the i1N and i1Ni1C 
deletion mutants as well as a double point mutation 
aimed at removing the two cysteines most likely to be 
responsible for oligomerisation. 

We have continued our work on the blue-tongue virus 
NS2 protein, which is a ssRNA binding protein and the 
major consituent of viral inclusion bodies in infected 
cells. Improvements in mass spectroscopic techniques 
have allowed us to confirm our hypothesis that this 
fragment was at the N-terminus, which contains the 
RNA binding region, and to delineate the extent of the 
domain. Expression of the N-terminal domain alone 
produces insoluble protein. We have also expressed the 
C-terminal domain, but attempts to crystallize this 
have been unsuccessful. We are still trying to improve 
crystal quality with a construct in which a TEV pro-
tease cleavage site is inserted between the Nand C ter-
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Figure 1 

A diffraction pattern of cnJstals (inset) of the GST2 protein 
from Drosophila flight muscle. 

minal domains, to allow us to control proteolysis, and 
a C-terminal His tag has been added to try to remove 
the C-terminal cleavage product as soon as it is 
formed. 

We have expressed and purified the 21 kDa SeqA pro-
tein, which is an E. coli protein that sequesters 
hemimethylated OriC, preventing more than one 
round of replication per cell cycle. We have shown the 
protein to be a decamer in solution but, contrary to our 
expectations, the protein apparently does not bind to 
the minimal hemimethylated recognition site. We have 
also expressed and purified in a denatured state a His-
tagged construct of GBP1. This protein is a sequence 
specific single-stranded DNA binding protein that 
binds to the single stranded telomeric overhangs of 
Chlamydomonas reinhardtii. After refolding, the protein 
aggregates at concentrations as low as 1 mglml. 

Transcription factors 

We have continued working with the Drosophila GAF 
anti repressor of transcription, because the sequence 
indicated a new DNA binding motif. This was indeed 
confirmed with the publication of the NMR structure 
of the minimal DNA binding domain in complex with 
the recognition sequence during the year. Our larger 
constructs prove more problematic. The protein is com-
prised of three domains: an N-terminal POZ domain 
(P), a central DNA binding domain (D), and a C-termi-
nal glutamine rich (Q) domain. We have worked with 



a construct without the POZ domain because this is 
reported to be a dimerization/ oligomerization domain 
and there is evidence that DNA binding is weaker 
when the POZ domain is present. Last year we report-
ed that, in concentrated solutions, electron microscopy 
showed that the protein formed fibres. These fibres 
appear in many respects similar to amyloid fibres, 
although we have been unable to detect a repeat dis-
tance either by electron microscopy or X-ray small-
angle scattering. We have-shown that their formation is 
due to the presence of the Q domain. We have then 
been trying to establish if this has any in vivo signifi-
cance, as for example has been suggested for the Sp1 
transcription factor in terms of interaction at a dis-
tance. The PDQ, DQ and D proteins all show band 
shifts with the recognition sequence, have similar 
DNA footprinting properties, and show similar 
<though not identical) behaviour in chromatin remod-
eling experiments. The CD spectra of the DQ and D 
show the proteins to be essentially without secondary 
structure, although the fibres exhibit a spectrum simi-
lar to that observed for cyclic beta peptides. The inter-
pretation of the results is complicated by an experi-
ment indicating that only 90% of the protein is active in 
DNA binding. Currently we are searching for differ-
ences between DQ and Q in the set of interaction part-
ners in Drosophila extracts. 

Structural Biology Programme 

Additional research 

We have crystallised and collected a 3 A data set of a 
sigma class CST (in collaboration with the Leonard 
group) from Drosophila flight muscle. The self and cross 
rotation functions using Squid CST as the model indi-
cate a dimer in the asymmetric unit with non-crystal-
lographic diad symmetry. At present, solution of the 
translation function is in progress. We have also been 
trying to crystallize a double Ig domain (128/129 from 
the elastic 1 band region) of the muscle protein titin but 
have only achieved fibrous looking material. 

Publications during the year 
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The main focus of this research group is the study of 
biomolecular interactions using computational tech-
niques. Modeling and simulation can provide a micro-
scopic picture of events that may be difficult to investi-
gate experimentally and which can assist in the identi-
fication of features that are important in determining 
molecular recognition. This information can be used 
for predictions of ligand-receptor complex formation 
and to design ligands and protein mutations to pro-
duce desired ligand-receptor interactions. Our work 
can be roughly divided into three inter-related topics: 
protein-protein recognition, protein-If other molecule" 
recognition, and protein structure, stability and 
dynamics. Our studies follow the process of recogni-
tion from diffusional association through to binding, 
and here we summarize our work in this order. Further 
information on some of our projects can be obtained 
from our Web pages at: http://www.embl-heidelberg. 
de/ExternalInfo /wade. 

Protein-protein recognition 

Diffusional association and docking 

Simulation software (SDA for Simulation of 
Diffusional Association) has been developed that, 
given the three-dimensional coordinates of two pro-
teins, can be used to compute their association rates by 
Brownian dynamics simulation (Gabdoulline & Wade, 
1998). It has been used to simulate the association of 
barnase and barstar (Gabdoulline & Wade, 1997) and 
we are currently applying it to other proteins. The 
Brownian dynamics simulations provide a structural 
definition of encounter complexes formed at the end-
point of diffusional association. We have begun using 
these encounter complexes as the starting points for 
further simulations to dock two proteins in their bound 
complex taking full account of protein flexibility. 
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Analysis of protein interfaces and binding affini-
ties 

Our software (ADS for Analytically Defined Surfaces) 
for the computation of molecular surfaces and map-
ping of properties to surfaces and interfaces for visual-
ization and detection of important interfacial features 
(Gabdoulline & Wade, 1996) is being used to analyse a 
large set of heterodimeric protein complexes. A prelim-
inary model has been derived to predict binding affin-
ity from protein properties at the interface. 

Protein-"other molecule" recognition 

Diffusional association 

The catalytic rates of diffusion-controlled enzymes can 
be enhanced by electrostatic steering of charged sub-
strates into active sites. By comparing the results of 
Brownian dynamics simulations and electrostatic 
potential similarity analysis for triose phosphate iso-
merases, superoxide dismutases and p-lactamases 
from different species, we identified conserved fea-
tures responsible for the electrostatic substrate-steering 
fields (Wade et al., 1998 a,b). The conserved potentials 
are localized at the active sites and are the primary 
determinants of the bimolecular association rates (see 
Figure 1). 

Ligand passage through protein to binding site 

The active sites of enzymes are often partially or com-
pletely buried and motion of the protein is necessary to 
permit substrate access to the active site. An example is 
the active site of cytochrome P450cam which is com-
pletely buried from solvent. The mechanism by which 
(lR)-camphor, the natural substrate, accesses the active 
site is a long-standing puzzle. We performed molecular 
dynamics simulations with an artifical random expul-
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Figure 1. 

(a) Stereo view of the average electrostatic potential of four triose phosphate isomerases from different species contoured at -0.3 (solid) 
and +0.3 (line) kcal/mol/e. 

(b) The similarity index of the potentials of the four proteins. Regions of the potentials enclosed in the contours are the most similar 
(negative - solid; positive - line). The two-fold symmetry of the dimeric proteins is readily apparent. A large region of conserved posi-
tive potential is clearly discernible over each substrate binding site where the potential can attract the negatively charged substrate and 
enhance the catalytic rate of these diffusion-controlled enzymes. The pincer-like regions correspond to small negative values of the 
potentials (compare to Figure 1A) and the other smaller regions correlate with the locations of conserved charged residues. 

sion force on the substrate to locate exit channels (see 
Figure 2) (Ludemann et al., 1997). Two of the exit chan-
nels identified were similar to pathways found by the 
Thermal Motion Pathway (TMP) analysis method 
developed by O. Carugo at EMBL (Carugo & Argos, 
1998). Strikingly, only small changes in the protein 
structure are necessary for substrate expulsion. The 
simulations indicate how salt-links, which we found to 
be exceptionally stable in electrostatic calculations 
(Lounnas & Wade, 1997), may affect channel opening. 

Protein hydration 

The hydration properties of a protein are important 
determinants of its structure and functional properties 
such as binding. We have pursued several complemen-
tary approaches to studying protein hydration ranging 
from molecular dynamics simulations to compute, 
from first principles, free energies of hydrating protein 
cavities and the energetic contribution of water mole-
cules to ligand binding (Helms & Wade, 1998a, b), to 
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the development of modular neural networks to pre-
dict the location of ordered hydration sites using pro-
tein sequence information (Ehrlich et al., 1998). The lat-
ter were completed this year; the networks have been 
tested for 77 proteins and can be applied to proteins 
with or without known three-dimensional structure. 

Ligand binding modes 

Following our previous simulations (Schulze et al., 
1996), we have combined docking calculations using 
the LIGIN program (Sobolev et al., 1996, 1997) and 
multicopy molecular dynamics simulations to explore 
the binding modes of (lR)- and (lS)-camphor in the 
active site of cytochrome P450cam. In contrast to (lR)-
camphor, multiple binding modes are seen for OS)-
camphor which provide an interpretation of experi-
mental data indicating looser binding of OS)- than 
OR)-camphor and a rationalization of apparent incon-
sistencies between the recently solved X-ray structure 
of the OS)-camphor-P450 complex (Schlichting et al., 
1997) and data on product formation. 

Structure activity relationships (SARs) 

Besides working on an application of the Comparative 
Binding Energy (COMBINE) analysis method (Wade et 
al., 1998c) to nuclear receptor-DNA binding (with L. 
Nilsson, Karolinska), we have developed a procedure 
to classify compounds by interaction property similar-
ity indices (Tomic et al., 1998a, b). This entails compu-
tation of molecular interaction fields, alignment of 
compounds based on these fields, and quantification of 
their similarity in order to classify compounds accord-
ing to activity. This procedure was applied to a set of 
ca. 50 auxin-related compounds to predict plant hor-
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Figure 2 

Representatives of the three classes of pathways by which 
the substrate leaves the buried active site of cytochrome 
P450cam during molecular dynamics simulations. 
Accompanying protein motions involve backbone dis-
placements of 1-2 A and rotation of a small number of 
sidechains. 

mone activity (with B. Kojic-Prodic, Zagreb) (Tomic et 
al., 1998a). The classification is helpful for rationalizing 
ambiguities in activity data in the literature and pre-
dicting the activities of new plant growth substances 
and herbicides. Recently, we were able to test the clas-
sification model on new compounds whose activity 
has just been or will be measured. This showed that 
model is robust and gives correct predictions (Tomic et 
al., 1998b). 

Enzyme mechanism 

Software was developed for mathematical modeling 
and computation of kinetic rate constants and used by 
L. Ringrose and F. Stewart (EMBL, Gene Expression 
Programme) for comparative kinetic analysis of the 
DNA binding and recombination of FIp and Cre 
recombinases (Ringrose et al., 1998). 

Protein structure, stability and dynamics 

Ligand binding affects protein stability and dynamics 
and vice versa, and we have thus studied several 
aspects of protein structure, stability and dynamics. 

structure and dynamics in aqueous 
solutwn 

Local interactions of aromatic residues in short pep-
tides (3-5 residues) in aqueous solution were studied 
by database analysis, conformational search and 
molecular dynamics simulation. The peptides were 
characterized by NMR at EMBL by Kemmink and 
Creighton. For both aromatic-(i+2)amide and (i-l)cis-
proline-aromatic interactions, at least two major and 
distinct 'folded' peptide conformations were identified 



and their populations were characterized computa-
tionally. Good agreement between experimental data 
and molecular dynamics simulations was obtained 
(Nardi et al., 1997, Worth et al., 1998). 

Protein dynamics 

We are studying the WW domain, whose structure was 
solved by NMR at EMBL by Macias and Oschkinat 
(Macias et al., 1996), by nomology modeling, docking 
and molecular dynamics simulation techniques. The 
small size (40 amino acids) of the WW domain and p-
sheet structure make it of interest for studying protein 
stability and peptide binding. Molecular dynamics 
simulations of the marginally stable YAP-WW showed 
the importance of using an explicit model of the full 
salt environment to obtain a stable secondary structure 
(Ibragimova & Wade, 1998). 
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In 1997, work on the three projects (i) TIM and 
monoTIM, (ii) tyrosine kinases and (iii) 
enzymes continued. For each system, interesting dis-
coveries were made which provided new insights con-
cerning the structure function relationships of these 
enzymes, as described below. For mechanistic studies 
of enzymes, the structure-function relationship is pur-
sued by further binding studies with either modified 
active-site ligands or modified enzymes. These studies 
require the organic chemist (to make changes in the lig-
and) and the molecular biologist (to make changes in 
the protein). The expertise of enzymology and biocom-
puting, among other fields, is combined with protein 
crystallographic methods and other structural biology 
techniques such as mass spectrometry and light spec-
troscopy. Modeling efforts are a key component of the 
monoTIM project, where we try to change the substrate 
specificity of the monomeric ml1TIM variant. This pro-
tein design project now involves both loop modeling 
calculations and ligand docking calculations. The lig-
and docking expertise was also used to dock a sub-
strate into the active site of dienoyl-CoA isomerase, 
whose 1.5 A structure was recently solved. Our struc-
tural studies do not only provide information about 
the architecture of enzymes but also about their 
dynamic properties. Such information can be provided 
by the comparisons of families of structures (as was 
done with the available kinase structures) or directly 
by the B-factor distribution of the solved structures (as 
demonstrated by the structural work on the enoyl-CoA 
hydratase and the dienoyl-CoA isomerase). 

TIM and monoTIM 

The wild type triosephosphate isomerase (TIM) is a 
dimeric enzyme consisting of two identical subunits, 
each having the TIM-barrel fold. The TIM-barrel fold is 
a very common fold found in many enzymes with 
completely different specificities and catalytic activi-

ties. The fold is very regular, consisting of 8 
with, in all cases, the active site being formed by the 8 
loops between the and the a-helices. 
Apparently this fold is a very good framework for 
active sites with different properties. TIM was 
monomerised in a series of studies. One of the obtained 
variants, milTIM (Thanki et al., 1996), is now the refer-
ence molecule for further protein design studies aimed 
at changing the substrate specificity. The first step of 
this new project was to change the phosphate binding 
pocket by shortening loop-8 (the phosphate binding 
loop) by two residues. The modeling of the shorter 
loop 8 was done using ICM (Abagyan and Totrov, 
1994). The new sequence is shown in Figure 1. The 
mutagenesis was done and the new variant (mI8TIM) 
was purified. Ml8TIM was crystallised and 3 A data 
was collected. The structure determination is in 
progress. Modeling predicts that the binding pocket 
should be wider and longer and therefore larger sub-
strates should be able to bind. The crystal structure of 
ml8TIM will verify the modeling and it will be the 
starting point for the next round of modeling. 
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wt TIM, Loop 8: L V G GAS L K P E F 

m18TIM, Loop 8: L V - S V - L K P E F 

Figure 1 

The top sequence is the wild type sequence of the phosphate 
binding loop-So The lower sequence is the mutated sequence, 
as present in the mISTIM. Modeling predicts that the serine 
side chain points into the bulk solvent and the valine side 
chain points inwards. 
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The refinement of two new TIM structures has been 
completed 

Vibrio marinus TIM 

Vibrio marinus is a psychrophilic bacterium. The struc-
ture of the unliganded and liganded (2-phosphoglyco-
late) TIM has been solved at a resolution of 2.7 A. Vibrio 
marinus TIM has one urtique substitution (not found in 
any other sequence): an alanine in 100p-8, where all 
other sequences have a serine. Mutagenesis of this ala-
nine into a serine (as found in all other TIM sequences) 
increases the stability of this TIM significantly (Alvarez 
et al., 1998). 

Leishmania mexicana TIM 

The crystals of Leishmania TIM diffract to at least 1.8 A 
resolution and the crystal structure has been refined at 
this resolution. Interest in this structure rose due to the 
observation that in Leishmania TIM, a completely con-
served dimer interface residue (Gln65 in trypanosomal 
TIM) is a glutamate in wild type Leishmania TIM. The 
crystal structure of Leishmania TIM indeed showed that 
the environment is not complementary to a glutamate. 
Subsequently the glutamate was mutated into a gluta-
mine and the stability of the E65Q variant was shown 
to be much higher than for the wild type Leishmania 
TIM. The apparent Tm, measured at pH=7, increased 
dramatically from 57°C (for the wild type) to 83 °c (for 
the E65Q variant), as is shown in Figure 2. Inter-
estingly, the wild type Leishmania TIM has a normal 
stability, despite this destabilising sequence change at 
position 65. Apparently the strain induced by the 
sequence change Q65E is compensated by sequence 
changes elsewhere. A detailed sequence comparison of 
the structures of trypanosomal and Leishmania TIM 
shows that most sequence changes are on the outside, 
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but there are a few sequence differences near the 
residue 65 which could to some extent compensate for 
the strain induced by the presence of Glu65 (Williams 
et al., 1998b). 

Tyrosine kinases 

These studies concentrated on the characterisation of 
chicken Src. The structure was solved by molecular 
replacement (Williams et al., 1997). The structure was 
subsequently refined to an R-factor of 20% and an R-
free of 29%, with good geometry. The structure itself is 
the same as the structures of human Hck and human 
Src; however, an extensive sequence and structure 
comparison with 12 other kinases has revealed some 
interesting features of the kinase family. 

The conserved path 

For the comparison, two sets of superpositions were 
done: all kinases were superimposed using (i) the C-
terminal lobe helices and (ij) the N-terminal lobe B-
strands. These superpositions showed that the <xC 
helix can assume a rather wide range of orientations. In 
particular, the C-terminal lobe superpositions have 
been informative, because they showed that the <xC-B4 
loop (of the N-terminal lobe) is anchored to this 
domain. A complete analysis of all these C-terminal 
lobe superpositions showed that the observed N-ter-
minal lobe positions are correlated (including the 
Ser /Thr-kinases): the positions of the N-terminallobe 
with respect to the C-terminallobe is not random, but 
the N-terminal lobe moves over the C-terminal lobe 
along a specific path (Figure 3). A closer look at all 
these superpositions allows for a rationalisation for 
this observation, because in fact there are three "hinge" 
regions. Not only the strand between the N-Iobe and 
the C-Iobe, but also the strands leading into and out of 

Figure 2 

The superstability of the E65Q variant of Leishmania TIM. 
The curves show the CD-melting curves of Leishmania TIM 
and the E65Q variant. Changes .in the CD-spectrum were 
recorded at 222 nm. Data are shown for wild type 
Leishmania TIM (squares) and the E65Q variant (circles) 
both in absence (closed symbols) and in the presence (open 
symbols) of 1 mM 2PG. Binding of the substrate analogue 
2PG causes an increase in the apparent T", from 57°C to 67 
°C for Leishmania TIM and from 83°C to approximately 90 
°C for the E65Q variant. This experiment was done by Dr. 
Lambeir (University of Antwerp) in the laboratory of Dr. 
Backman (VUB, Brussels). 



the loop (Figure 4). These three hinges appar-
ently limit the possible motion of the N-Iobe with 
respect to the C-Iobe. From the point of view of regula-
tion it is interesting that the catalytic residues are dis-
tributed over the N-Iobe and the C-Iobe. Therefore, 
interference with the positioning of the N-Iobe with 
respect to the C-Iobe can be used for regulation of the 
activity. This could be an important aspect of the regu-
lation via the SH3 and SH2 domains (Williams et al., 
1998a). 

The hydrophobic backside pocket 

The interactions of the SH3 domain with the backside 
of the N-Iobe are mediated by the linker peptide 
between the SH2-domain and the N-Iobe. With respect 
to these interactions, a hydrophobic pocket at the back-
side of the N-Iobe seems particularly important. The 
residues lining this pocket are conserved in the Src, 
Abl, Btk and Csk families. Conserved hydrophobic 

Figure 4 

The backside view of the kinase domain. Superposition ana-
lysis shows that the loop (labeled "anchor loop") of 
the N-Iobe is anchored to the C-Iobe. Therefore there are three 
hinge peptides: (i) at the beginning and (ii) at the end of the 
anchor loop and (iii) in the NC-strand (connecting the N-
Iobe with the C-Iobe). These three hinge peptides limit the 
possible movements of the N-Iobe with respect to the C-Iobe. 
There are highly-conserved residues in the anchor loop and 
in the NC-strand. 
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Figure 3 

The conserved path for the movement of the N-Iobe with 
respect to the C-Iobe as seen from superpositions of 
serine/threonine and tyrosine kinases. The rotation matrices 
that are needed to position the N-terminallobes of a number 
of kinase domains on that of chicken Src, following the struc-
tural alignement of C-terminal lobes, were calculated and 
applied to a reference vector. The end points of the rotated 
vectors are marked by dots (Williams et al., 1997). 

residues of the linker peptide (between the SH2 and 
the N-Iobe) point into this pocket (linker residue 
Leu255 in Src) as well as into the hydrophobic surface 
of the SH3-domain (linker residues Pro250 and Thr252 
in Src). It is speculated (Williams et al., 1998a) that these 
hydrophobic interactions somehow influence aC-helix 
positioning and may interfere with the dynamics of the 
N-Iobe with respect to the C-Iobe. The importance of 
the hydrophobic interactions at the backside of the N-
Iobe is also confirmed by direct comparions of the 
structures of chicken Src and human Src, which show 
that SH2/C-Iobe arrangement is similar but not identi-
cal. It is similar, because the same saltbridges are made, 
but it is different in the sense that the SH2 domains are 
slightly rotated with respect to each other. But the 
SH3/linker/N-Iobe arrangement is identical in both 
kinases, indicating that this interaction is tighter than 
the SH2/C-Iobe interaction. 
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Figure 5 

Structural heterogeneity of Arg77 in dienoyl-CoA isomerase. 
This structure has been refined at 1.5 A resolution. The elec-
tron density map shows that this arginine side chain adopts 
two different conformations. 

Beta-oxidation enzymes 

enzymes are involved in the degradation 
of fatty acids (Hiltunen et al., 1996). All these enzymes 
are CoA binding enzymes, because the fatty acids are 
metabolised as acyl-CoA derivatives. Although CoA is 
an important metabolite, not many structures of CoA 
binding enzymes are known. The known structures 
show a great variety of folds (Engel and Wierenga, 
1996). Most of the work in 1997 concentrated on struc-
tural studies of enoyl-CoA hydratase and dienoyl-CoA 
isomerase. 

Enoyl-CoA hydratase 

Crystals of the enoyl-CoA hydratase (diffracting to 2.5 
A) have a hexamer in the asymmetric unit. The crystals 
were grown in the presence of acetoacetyl-CoA. The 
active sites of 5 subunits were ligand ed, and one active 
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site was unliganded. The comparisons of the empty 
and liganded active sites indicated that the two cat-
alytic residues (Glu144 and Glu164) are well-anchored 
to the rest of the protein and do not change conforma-
tion on ligand binding. In this structure, the active site 
pocket is just large enough to be able to bind the 4 car-
bon atoms of the acetoacetyl-CoA fatty acid tail. 
Crystals of another complex (Engel et al., 1998) were 
grown in the presence of octanoyl-CoA (diffracting to 
2.4 A). The space group and the packing is the same as 
for the crystals grown in the presence of acetoacetyl-
CoA. In octanoyl-CoA the fatty acid tail is 8 carbons. 
The longer fatty acid tail causes a high B-factor loop in 
the acetoacetyl-CoA complex to become completely 
disordered in the octanoyl-CoA complex. Apparently, 
the broad specificity concerning the fatty acid tail 
length is achieved in the hydratase by disordering the 
(high B-factor) loop that closes off the active site when 
a 4 carbon fatty acid tail is bound. 

Figure 6 

The reaction catalysed by dienoyl-CoA iso-
merase. The dashed lines indicate the (predicted) 
hydrogen bonding interactions of the thioester 
oxygen atom with the residues forming the 
oxyanion hole. This reaction mechanism implies 
that Glu196 is unprotonated and Asp204 is pro-
tonated in the presence of 3-trans, 5-cis dienoyl-
CoA, and vice versa for the reverse reaction. 



L12.,4-dienoyl-CoA isomerase 

The wild type dienoyl-CoA isomerase is targeted into 
the mitochondria as well as into the peroxisomes. The 
structure has been solved for recombinant rat dienoyl-
CoA isomerase, in which the N-terminalleader peptide 
(for targeting into the mitochondria) was omitted. The 
molecule is a hexamer and there is a trimer in the 
asymmetric unit. The crystals diffract very well and the 
unliganded structure has-been refined at 1.5 A resolu-
tion; several residues have been refined in two alterna-
tive conformations (Figure 5). The fold is the same as 
that seen in enoyl-CoA hydratase, but it was solved 
independently by the isomorphous replacement 
method followed by three-fold averaging and phase-
extension. The sequence identity with the hydratase is 
24%. The two most interesting aspects of this structure 
concern the active site and the structure of the PTS-1 
targeting sequence. This enzyme catalyses the shift of 
two double bonds (Figure 6). There are three acid 
residues in the active site pocket, which is otherwise 
completely hydrophobic; there is an Asp-Glu pair 
(Asp176, Glu196) and a second aspartate (Asp204). The 
catalytic residues are probably Glu196 and Asp204 (the 
importance of Asp204 is confirmed by mutagenesis 
done by the Hiltunen group of the University of Oulu, 
Finland). The active site is shielded from the bulk sol-
vent by two high B-factor stretches of the protein, 
which might adopt a different conformation in the 
presence of a ligand (Modis et aI., 1998). This enzyme is 
targeted into the peroxisomes, most likely via the C-
terminal SKL sequence (this is the canonical PTS-1 
sequence). Interestingly, this PTS-1 sequence is well 
defined and mostly buried at the trimer/trimer inter-
face, whereas in all other PDB structures of peroxiso-
mal proteins this peptide is disordered. 
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The group combines research and development in 
computational biology with an in-house sequence 
analysis service and maintenance of several computa-
tional facilities, particularly SRS and our Bioccelerator 
hardware. We take the view that the best teaching will 
be done by active researchers, hence, we aim for a mix 
of 50% service and 50% research and development. 
Much of 1997 was spent in consolidating the service 
activities. As well as several collaborations with exter-
nal groups, we maintain close links with the Vriend 
and Bork groups in the Biocomputing Unit. 

Sequence Analysis Service 

The service aims to provide education and advice and 
maintains some of the essential computational facilities 
for sequence analysis at EMBL. We are consulted on a 
regular basis and run courses to train users in software 
usage. Courses in 1997 included multiple sequence 
alignment and trees, SRS database manipulation, 
EMBL WWW servers, and introducing the predocs to 
sequence analysis at EMBL. 

We have installed, and provide support for, several 
computer packages at EMBL, of which SRS and the 
Bioccelerators are the most important (and time-con-
suming) facilities that we look after. SRS (sequence 
retrieval service) was developed by Thure Etzold at 
EMBL and has become the main tool for retrieving 
sequence (and structure) data from databases. Thure 
moved to the EBI at the beginning of 1997. Since that 
time our group, but in particular Chenna Ramu, has 
maintained the EMBL SRS server, including upgrading 
to the SRS5 release and revising and extending the 
indexed databases and the external HTML links. In a 
typical 5-day week, SRS received 14,706 accessions 
(13,134 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 Blast2 server and our Bioccelerator allow 
users to instantly retrieve sequences for top hits. 

The Bioccelerator (Bic) is dedicated hardware from 
Compugen that can perform a number of sensitive 
database search permutations based on the Smith-
Waterman algorithm, including profile searches. It is 
easy to use through the WWW interface and is X 
faster than a typical desktop workstation, so protein 
DB searches take a couple of minutes. We emphasise 
the protein v. DNA frameshifting capability for search-
ing EST databases, which takes <1 hour but could take 
several days on a single CPU. Because of the high error 
in the ESTs, they contain many frameshifts, and the Bic 
provides the most sensitive way (which is currently 
practical) to search ESTs. ESTs are useful for identifying 
previously unknown homologs, a procedure which is 
particularly important in vertebrates, as these now 
appear to be polyploid with up to four paralogous 
genes sharing overlapping function. The Bic also pro-
vides a highly efficient way to do whole genome com-
parisons between prokaryotes: given the two sets of 
encoded proteins, it will compare them all in a couple 
of hours. This facility is extensively used by the Bork 
group in their studies of prokaryotic genome evolu-
tion. 

Software development 

In collaboration with Julie Thompson and Francois 
Jeanmougin (Strasbourg), Des Higgins (Cork) and 
Ewan Birney (Sanger Centre), we have continued to 
maintain and develop the two software packages out-
lined in the 1996 research report. The Clustal multiple 
sequence alignment package has received a portable 
windows interface, Clustal X, based on the NCBI 
Vibrant ToolKit (Thompson et al., 1997). Portability is 
essential to the Clustal package which has always run 
on all computers. The new windows interface, 
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although technically straightforward, has greatly 
enhanced the flexibility and user-friendliness of the 
package. It allows us to colour residues by conserva-
tion and to introduce quality control schemes that 
mark uncertain regions of alignments for the attention 
of the user. Feedback has been extremely favourable 
and Clustal X is already being very widely used. The 
WiseTools package for database profile searches allow-
ing frameshifting has undergone a general overhaul 
with several improveme\ts to the interactive menus. 
The major improvements were to the Search Wise out-
put files, with improved SRS links and, for the first 
time, E-value significance assessments for the top hits, 
bringing the package up-to-date in assessing reliability 
of the matches. 

Sequence analyses 

We continue to be active in sequence analyses, includ-
ing protein domain investigations, although no publi-
cations have resulted this year. Annalisa Pastore's 
group has made progress with NMR structures for two 
domains of interest: the KH1 domain of FMR1 (Musco 
et al., 1997) and Friedreich's Ataxia protein (see report 
1996), for which a structure is anticipated in 1998. In 
collaboration with Rein Aasland (Bergen), we examine 
domains in chromatin proteins. A new interest which 
we are currently following is the evidence for an 
ancient vertebrate polyploidy and its implications for 
genetic redundancy (together with Jiirg Spring, Basel). 
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1997 was a good year for Biocomputing because we 
were allowed to move into our new offices, away from 
the offices on the third floor that even to the average 
lack-of-space-hardened EMBL scientists looked a bit 
cramped. We managed to build up the Biocomputing 
environment in one of the small rooms next to the com-
puter room, which the CN was friendly enough to 
make available to us. This new computer environment 
allows us to respond quickly and flexibly to a wide 
variety of questions asks by our colleagues from all 
over the building. 

WHAT IF 

The program WHAT IF is the central vehicle for most 
research in our group. During 1997, several major 
extensions were made to the program. We added a 
module to calculate the effects that mutations have on 
electrostatic behaviour (in collaboration with Rebecca 
Wade and Barry Honig). Even though we have not yet 
been able to find good correlations between the 
observed differences in activity and the calculated dif-
ferences in electrostatics in the active sites of the 
enzyme systems that we studied (neutral proteases 
and amylases), we are hopeful that this WHAT IF mod-
ule will help with many other projects we are involved 
in. A module was added to WHAT IF that predicts the 
mobility of enzymes. It goes without saying that 
motions are a crucial aspect of understanding the 
structure-function relationship of macromolecules. 
However, it is not possible to run a long molecular 
dynamics simulation for every molecule or complex 
that is of interest. EMBL simply lacks the computer 
power for this. Into WHAT IF, we therefore incorporat-
ed the program CONCOORD, which was written 
mainly by Bert de Groot in the molecular dynamics 
group in Groningen. This program analyzes all local 
degrees of freedom in a molecule and determines 
structures that are compatible with these degrees of 
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freedom. A variance-covariance analysis on these 
structures predicts many of the essential motions of the 
molecule. The quality of these predictions is remark-
ably high. 

Three-dimensional modeling 

During 1997, work on the homology modeling facili-
ties in the WHAT IF program has continued. An EC 
grant has allowed us to approach this problem with 
more rigor than was possible in the past, and it is 
allowing us to collaborate more intensively with scien-
tists in related fields (energy calculations, alignment 
methods, etc.) in order to further improve the quality 
of the models. We are collaborating with groups in 
Groningen and Helsinki on the ab initio modeling of 
small to intermediately long insertions. This so-called 
"loop modeling" has eluded the modeling community 
for many years now, and we do not expect any imme-
diate solution to the problem. However, every step for-
ward helps to make better models, and better models 
allow us to draw better conclusions, to design better 
experiments, etc. 

Model building by mutagenesis 

Often we build models to aid experimentalists with the 
design of point mutations that should alter the charac-
teristics of a protein in a predetermined manner. 
Unfortunately, we cannot always model everything 
perfectly. We therefore decided to see if we could 
approach the problem from the opposite angle. We 
took the model of the neutral protease of Bacillus sub-
tilis (which is a model of intermediate quality) and 
designed a large series of mutations that should help 
improve eleven loops that were modeled poorly or 
with little certainty of being modeled correctly. These 
mutations were designed such that a thermal stabiliza-
tion would be indicative of a certain conformation. The 
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problem with this approach is that mutations will 
almost by definition be thermally destabilizing and 
thus, a destabilization can either be interpreted as "the 
loop has the other conformation" or as "something is 
going on that we do not understand." In spite of this, 
for four of the eleven loops we managed to extract 
information that aided us in improving the quality of 
the model. 

Protease stability 

Together with groups in Haren, The Netherlands, and 
As, Norway, we have been working for more than 10 
years on understanding the stability and function of 
neutral proteases at the atomic level. Neutral proteases 
are very a-specific and consequently they are autolyti-
cally degraded at elevated temperatures. This autolysis 
is an irreversible process, and therefore none of the 
thermodynamical analysis methods that are normally 
used for protein stability measurements can be 
applied. 

In 1997 several major breakthroughs were achieved. 
We managed to engineer a protease that can be boiled 
for many hours without any loss of activity. We also 
managed to engineer a neutral protease that is much 
less dependent on calcium for its stability. Several of 
the mutations were designed using sequence compari-
son techniques. We call this "creatively borrowing 
from nature." Most mutations, however-including 
the surface located cysteine bridge that gave the largest 
stabilization of all mutations-were ab initio designed. 

Predicting functional residues from 
correlated mutations 

At present, models can be built for about 15 percent of 
all the sequences given to us by our colleagues. We are 
designing software to extract as much information as 
possible for the other 85 percent. This is done by a 
novel multiple sequence analysis technique called cor-
related mutation analysis. The basic ideas behind this 
method were described in last year's report. We have 
now used this method for several projects. A very suc-
cessful application was the determination of the 
residues involved in receptor-ligand interaction in the 
Class B G protein-coupled receptors (GPCRs). 

Protein structure validation 

The structure validation project is an EC-sponsored 
collaboration with several groups in Europe, two of 
which are located part time at the EBI. The software 
was primarily aimed at the detection of errors in X-ray 
protein structures. In 1997 we added the possibility to 
validate NMR structures. The difference between X-ray 
and NMR structures is that X-ray crystallographers 
normally obtain a single set of coordinates, but NMR 
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spectroscopists have to deal with mobility and ambi-
guity that results in obtaining ensembles of typically 40 
structures. We also created a WWW-based server to 
verify models that were built by homology. In 1997 
only a few new options were added to the validation 
part of the WHAT IF program (which is called 
WHAT_CHECK), but much time was spent on the user 
interface. WHAT_CHECK is now used to validate 
every X-ray structure that is deposited in the PDB both 
at Brookhaven and at the EBI. 
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We are working on two major fields of research. Using 
D. melanogaster as a model, we are investigating the 
regulation and function of an evolutionarily conserved 
family of transcription factors. We are also participat-
ing in the European Drosophila Genome Project for the 
sequencing of the X chromosome. The other field of 
research is the study of interactions between the dis-
ease vector mosquito Anopheles gambiae and the proto-
zoan malaria parasite, Plasmodium. In this field we 
focus in particular on the identification and characteri-
zation of molecular markers implicated in the interac-
tion between mosquito and parasite, the mechanisms 
of the invasion the mosquito tissues, the responses of 
the insect immune system, and the establishment of 
transfectable mosquito cell lines that may permit the 
study of mosquito immune responses in vitro. 

Regulation and function of the Spalt-
Complex in Drosophila 

The duplicated genes spalt (sal) and spalt-related (salr) 
(Barrio et al., 1996; Reuter et al., 1996) encode C2H2 type 
zinc-finger transcription factors. They have been 
shown to be important in different developmental 
processes, such as the development of the wing and 
trachea (de Celis et al., 1996; Kuhnlein et al., 1996). Sal 
and Salr proteins are also present in other developing 
tissues, such as the central nervous system (CNS). The 
expression of Sal/Salr homologues in vertebrates is 
conserved in the CNS throughout evolution, suggest-
ing an essential role for these proteins in the develop-
ment of this tissue. Our project on the Spalt-Complex 
has two main thrusts. First, we are investigating the 
role of these genes in nervous tissues, which appears to 
be significant as we identified CNS and peripheral 
nervous system (PNS) malformations in sal and salr 
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mutants using various markers. For example, some 
neurons are absent or wrongly located, as are the sup-
port cells of others (Figure 1). Axonal projections are 
also altered. We will continue our research to try to 
place Sal and Salr in the hierarchy of genes implicated 
in the formation of the affected neurons. This will be 
done in collaboration with Rafael Cantera (Stockholm 
University, Sweden) and Gerd Technau's group (Mainz 
University, Germany). Furthermore, we are interested 
in the regulation of these factors both at the genetic and 
the molecular levels. The wide variety of tissues 
expressing these protein factors at certain develop-
mental stages indicates a complex mechanism for reg-
ulating their encoding genes, which should be reflect-
ed in the cis-regulatory regions driving their expres-
sion. We have shown that the organisation of the regu-
latory regions is modular, allowing independent regu-
lation in different sets of cells from a given structure. 
These data have been corroborated by genetical analy-
sis which shows that different regulators act on differ-
ent sets of cells (in collaboration with Jose de Celis, 
Cambridge University, UK). The modular organisation 
of the enhancers provides high versatility within the 
system and is important in the acquisition of new reg-
ulatory properties for these genes in evolution. 

European Drosophila Genome Project 
(EDGP) 

We are participating in an international collaborative 
project aimed at sequencing and annotating the com-
plete X chromosome of Drosophila melanogaster 
(European Drosophila Genome Project, EDGP). The 
project includes individual groups and sequencing 
centers from France, Germany, Greece, Spain and the 
United Kingdom. In the first stage, until the end of 
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1999, the project aims to sequence and annotate ca. 3.5 
Mb of continuous sequence from the tip of the X chro-. 
mosome, using as templates sets of overlapping cos-
mids and BACs, spanning this region. In our group we 
are using the EMBL 2-Dye High Resolution DNA 
Sequencing System, sequencing strategies ("RAND!") 
and data analysis software ("GeneSkipper"), devel-
oped in the laboratory of W. Ansorge in the EMBL 
Biochemical Instrumentation Programme, with which 
we are closely collaborating. More information about 
the organization and participants of EDGP, the 
progress reports on the current status and the annotat-
ed sequence data can be obtained from the EDGP web 
site (http://edgp.ebi.ac.uk). 

Molecular genetics of A.nopheles gambiae 

A detailed genetic map based primarily on microsatel-
lite markers has been completed (Zheng et al., 1996). 
These markers are highly polymorphic and provide a 
useful tool for studying natural mosquito populations, 
as well as for gene mapping in the laboratory. A refer-
ence set of 24 microsatellite markers was chosen to give 
broad and dense coverage of the genome. We have 
developed accurate, reproducible and high-through-
put microsatellite genotyping procedures for A. gambi-
ae using an ALF-DNA sequencer, and are studying the 
breeding structure and dispersal capabilities of mos-
quitoes in the field. In a collaboration with Yeya Toure 
(University of Mali, Bamako) and G. Lanzaro 
(University of Texas, Galveston), we are genotyping 
three mosquito populations from Mali to determine the 
genetic flow between the villages where the mosqui-
toes were collected. We are also beginning to study 
naturally-occurring refractoriness to Plasmodium falci-
parum in isofemale pedigrees which were generated 

Figure 1 

sal and sail' mutations affect the position of RP2 
neurons and their survival and/or gene expres-
sion. The pictures show dorsal views of even-
skipped (eve) expressing neurons in stage 16 
embryos. A: wild-type embryo; B: homozygous 
Df5 embryo (deleted for sal and salr); C: 
homozygous sal445 (null for sal). In all panels 
anterior is up. Wild-type embryos have single 
RP2 (black arrowhead), aCC (white arrow), and 
pCC (black arrow) neurons in each hemiseg-
ment. Differences in the RP2 neuron pattern 
can be seen in the mutants. In some cases the 
RP2 neuron is displaced (black arrowhead with 
asterisk), while in other cases it is absent or has 
lost its ability to express Eve (black arrowhead 
with question mark). Other Eve positive cells 
are out of focus. 

from wild-caught female mosquitoes and infected with 
P. falciparum from human volunteers in Africa (collabo-
ration with Yeya Toure and with Ken Vernick, New 
York University). Phylogenetic relationships among 
different species of the A. gambiae complex will also be 
analyzed. 

We are interested in integrating the microsatellite-
based genetic map with the physical map of the A. 
gambiae genome. We have identified 55 individual 
micro satellite-containing BAC clones by partial screen-
ing of a BAC-library constructed in the laboratory of I 
Frank Collins (Notre Dame University), containing 
12,288 clones with an average size of 110 kb, with a set 
of 22 micro satellite markers. We are currently deter-
mining the cytological location of these BACs and 
therefore the markers in polytene chromosomes. 
Previous studies identified a major quantitative trait 
locus (QTL) on the right arm of chromosome 2, named 
Pen 1 (Zheng et al., 1996), which determines the melan-
otic encapsulation of the simian malaria parasite 
Plasmodium cynomolgi B. We are currently isolating 
BAC clones corresponding to this region, which will 
facilitate the positional cloning of the "malaria refrac-
toriness" genes responsible for encapsulation. 

Immune system activation 

Encapsulation is only one of the responses of the A. 
gambiae immune system to foreign bodies such as par-
asites. We are interested in identifying molecules that 
are involved in the early steps of mosquito defense 
recognition and cellular immune response. In inverte-
brate immunity the role of haemocytes and of antimi-
crobial peptide expression has so far been documented 
best in Drosophila, while studies on Limulus have pro-
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vided insight into the proteolytic cascades of inverte-
brate blood coagulation. Given the apparent impor-
tance of proteolytic cascades in triggering cellular and 
humoral immune responses, it is intriguing that we 
were able to clone a multidomain protein in which an 
SRCR domain (SRCR= scavenger receptor cysteine 
rich) is associated with a serine protease domain, from 
an Anopheles gambiae cell-line library. From the same 
library, we were also able to clone a putative serine 
protease inhibitor of me SERPIN family. We are now 
establishing functional assays with the cell line, to 
study the interactions between the mosquito immune 
system and the ookinete and sporozoite stages of 
Plasmodium. 

Pathways regulating the immune response 

We have previously identified a member of the ReI 
family of transcription factors from the mosquito, 
Gambifl (Gambiae immune factor I), which is activated 
in response to bacterial infection (Barillas-Mury et al., 
1996). More recently we cloned Ag-STAT, a member of 
the STAT family of transcription factors, three mem-
bers of which have been directly implicated in regula-
tion of the immune response. Polyclonal antibodies to 
Ag-STAT have been produced, permitting the detec-
tion of its expression in haemocytes, pericardial cells, 
muscle, midgut epithelium and fat body. In Drosophila, 
STAT has been implicated in the regulation of expres-
sion of pair-rule genes, cell proliferation in imaginal 
disks and haemocyte proliferation, but has not been 
associated with the immune response. We have 
observed nuclear translocation of Ag-STAT in response 
to bacterial challenge, as well as induction of DNA 
binding activity to STAT target sequences. Infections 
with Plasmodium also induces STAT-like DNA binding 
activity. These data suggest a direct involvement of 
STAT in the insect immune response. 

Infection-inducible genes in A. gambiae 

We have shown that in A. gambiae, the gene encoding 
the antibacterial peptide defensin is induced in midgut 
and other tissues (presumably fat body and haemo-
cytes) following infection of the mosquito with 
Plasmodium parasites. Increased levels of defensin 
mRNA are detected in infected mosquitoes by RT-PCR 
and RNA blot (Northern) hybridization techniques. 
The kinetics of induction indicate that the response is 
linked to parasite invasion of the mosquito midgut 
epithelium. Defensin induction requires the presence 
of infective parasites, as shown by comparing gene 
expression levels in mosquitoes fed on mice harboring 
wild-type Plasmodium to those fed on a variant strain of 
parasite which cannot undergo differentiation to a 
stage infective for the mosquito. Furthermore, endoge-
nously-occurring mosquito midgut bacteria are not in 
themselves responsible for triggering defensin gene 
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induction: defensin mRNA levels are upregulated after 
Plasmodium infection in mosquitoes which have been 
pretreated with antibiotics (and shown to be 'cleared' 
of midgut bacteria). A recombinant A. gambiae defensin 
peptide has been produced (in collaboration with the 
laboratory of J. Hoffmann, CNRS, Strasbourg). The 
peptide is being tested for activity against different 
species of bacteria, fungi, and Plasmodium berghei. A 
defensin-specific antiserum is also being prepared, and 
will be used to determine spatial and temporal pat-
terns of protein expression following Plasmodium infec-
tion. 

Additional antimicrobial peptides are being sought in 
A. gambiae haemolymph, whole mosquito prepara-
tions, and dissected midgut tissues (again in collabora-
tion with the Hoffmann laboratory). HPLC chromatog-
raphy and MALDI-TOF mass spectrometry techniques 
are being used to identify novel, infection-inducible 
peptides. The differential display PCR methodology 
has been used to identify A. gambiae genes which are 
upregulated following Plasmodium infection. 

Five new A. gambiae genes were cloned and shown to 
be transcriptionally induced in mosquitoes challenged 
with bacteria or malaria parasite (P. berghei), together 
with the previously isolated defensin gene. These 
infection responsive markers were ISP13 (a putative 
serine protease), ISPL5 (a pseudo-serine protease), 
GNBP (a putative gram-negative bacteria-binding pro-
tein), IGALE20 (a putative gal-lectin), ICHIT (a mucin-
like gene encoding putative chitin binding domains) 
and NOS (nitric oxide synthase). They showed distinct 
expression patterns in various body parts of the mos-
quito. ISPL5 shows the highest expression level in tho-
racic and abdominal tissues where the fat body is con-
tained, GDNBP is mainly expressed in the thorax and 
equally high expression levels in the salivary glands, 
defensin shows the highest expression in the thorax, 
salivary glands and midgut while IGALE20 and ICHIT 
are almost exclusively expressed in the midgut. NOS is 
expressed at high levels in the gut as well as in the 
head. Both GNBP and defensin are expressed in the 
distal and proximal regions of the female specific later-
allobes of the salivary glands, suggesting that the sali-
vary gland may be an immune organ, as is the midgut. 

Differential induction by various microbial elicitors 
has been observed in an A. gambiae cell line, suggesting 
that the immune response is not totally non-specific. 
Both E. coli (gram-negative) and M. luteus (gram-posi-
tive) bacteria induce expression of four markers in the 
cell line Sua1B, in a dosage-dependent manner. Yeast 
(5. cerevisiae) is not an effective elicitor, only very weak-
ly inducing IGALE20 expression. Relative responsive-
ness to gram-positive and gram-negative bacteria 
varies: ISPL5 is induced most effectively by E. coli, in 
contrast to GNBP and IGALE20 which are clearly more 



responsive to M. luteus. Differential responses are also 
elicited by lipopolysaccharide (LP5, a cell-wall con-
stituent of gram-negative bacteria) and lipoteichoic 
acid (LTA, a cell-wall constituent of gram-positive bac-
teria). The latter is a generally more effective inducer 
than LP5 at the same concentration. Temporal differ-
ences in induction kinetics after bacterial challenge in 
larvae and adults have also been observed (Dimo-
poulos et al., 1996, 1997; Richman et al., 1997). 

During the P. berghei life cycle in the mosquito, the 
infection responsive genes are transcriptionally acti-
vated when invasion of midgut epithelium by 
ookinetes takes place at around 20-30 hours after feed-
ing, as well as much later, between day 13 and 25 after 
an infected blood meal, when oocysts rupture and sali-
vary glands are being invaded by sporozoites. Local 
induction of markers occurs in the midgut during 
ookinete invasion and in the salivary glands during 
sporozoite invasion, in parallel to systemic induction 
(in fat body containing tissues) during these two 
events. The transcriptional induction suggests that 
these factors may be functionally involved in the mos-
quito response to the parasite. The markers GNBP, 
IGALE20 and ICHIT contain adhesive motifs found in 
proteins (pattern recognition receptors) that are 
involved in binding to microbial surfaces, and could 
thus be involved in the binding and recognition of the 
malaria parasite. The B. mori GNBP homologue has 
been shown to bind gram-negative bacteria. Gal-Iectins 
and chitin binding proteins can bind to carbohydrates 
of microbial cell walls. Cloning of new mosquito pat-
tern recognition receptors is currently being attempted 
and an effort is underway to isolate and genetically 
study the functional relevance of the Drosophila homo-
logues of these putative immune factors. 

Immuno-responsive cell lines and their 
susceptibility to transformation 

Insect haemocytes combine the functions of vertebrate 
blood cells and those of interstitial cells. In Drosophila, 
a role for haemocytes in the immune response has been 
documented. The haemocytes participate in the syn-
thesis of antimicrobial peptides, but their major contri-
bution in the host defense is the elimination of 
microorganisms through phagocytosis or encapsula-
tion. The Drosophila mbn2 blood cells have provided a 
valuable in vitro culture system for studying inducible 
cellular and humoral immune responses. Based on this 
experience, we have established haemocyte in vitro cul-
ture systems from neonate larvae of the mosquito. In 
1997 we characterized cell lines derived from primary 
cultures initiated in July 1996 (sua 5.1, 52), which pro-
duce both antibacterial peptides (lysozyme and 
defensin) and prophenoloxidase (proPO), the zymogen 
of the key enzyme of the melanization cascade in 
arthropods. The production of pro PO by stable insect 
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cell lines is unprecedented. The presence of tyrosinase-
type proPO secreted by the cells was demonstrated by 
tryptic activation of the phenoloxidase zymogen 
proPO and by western blot analysis. PPO was localized 
in .the cells via immunofluorescence using cross-reac-
tive M. sexta and B. mori anti-proPO sera and was easi-
ly detectable by northern blot. Using degenerate 
oligonucleotides, six partial PO sequences-three of 
them novel (PP04, PP05, PP06)-were isolated from 
reverse transcribed mRNA of these cells. 
Corresponding full length cDNA clones were isolated 
and sequenced. Antisera raised against the recombi-
nant A. gambiae PPOs confirmed the results obtained 
with the cross-reactive M. sexta and B. mori PPO anti-
sera. These tools can now be used in studies of in vitro 
induction of a variety of defense reactions, including 
the phenoloxidase cascade. 

We will also use these cell lines for functional analysis 
of mosquito genes and promoters, as well as to isolate 
new genetic elements by enhancer trap or gene trap 
methods. We are currently attempting to optimize 
genetic transformation procedures in these lines (the 
Drosophila mbn2 cells and the mosquito cells sua 5.1, 
52), to conveniently obtain single insertions of trans-
posons constructed using the Drosophyla hydei Minos 
transposable element (a member of the mariner/Tel 
family of elements, which has been shown to possess a 
broad host range). 

Biology of Plasmodium in the mosquito 

For successful transmission from the vertebrate host to 
the insect vector, the malaria parasite must undergo a I 
complex developmental program. This includes the 
formation of motile ookinetes which are capable of tra-
versing the mosquito midgut epithelium to reach the 
basal lamina, where they differentiate into proliferative 
forms. In order to explore the mechanisms by which 
the parasite interacts with and invades the mosquito 
gut, we have adapted in vitro culture systems which 
support ookinete migration and invasion into either 
explanted mosquito guts or an extracellular matrix gel. 
These culture systems have made it possible to direct-
ly visualise (and film) the morphology and motile 
behavior of ookinetes during the invasive stages, and 
will be used to determine the nature of parasite/mos-
quito cell line interactions. In addition, we have taken 
advantage of our ability to obtain large amounts of 
viable ookinetes to identify new parasite-surface pro-
teins which mediate adhesion and invasion. Two genes 
have been cloned from purified-ookinete mRNA, 
encoding a subtilisin-like serine protease and a protein 
containing EGF-domain and TNFR-like cysteine-rich 
motifs. 
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The Executive Director of EMBO's Group 

Group Leader: F. Gannon 

Postdoctoral fellow: G. Flouriot* 

Predoctoral fellows: C. Pope*, M.R. Kenealey*, S. O'Brien* 

Visitors: M. Kulomaa*, A. McNair*, G. Gannon* 

Assistant: V. Sonntag-Buck 

The estrogen receptor gene 

The aim of this group is to perform a systematic and in-
depth analysis of the expression of a eukaryotic gene. 
The literature provides many examples of studies of 
genes which outline, in a relatively superficial manner, 
some of the control elements which act to determine 
when and to what level a gene is expressed. Our stud-
ies suggest a greater degree of complexity at all steps in 
eukaryotic gene expression including promoter choice, 
splicing alternatives and mRNA stability. 

The gene selected for these studies is the Estrogen 
Receptor (ER) gene which is expressed at different lev-
els, in specific tissues at varying times in a develop-
mental and sex-dependent manner. The ER is a key 
protein in normal and pathological physiology. 
Although its role is most readily associated with repro-
ductive functions, there is evidence that it also has 
important actions at various stages of development of 
other tissues (Schroeder et al., 1993 & Ma et al., 1993). 
The interest of this group in the ER is long-standing 
and was initially focused on the ER and its intracellu-
lar location and movement. When the ER gene was iso-
lated (Walter et el., 1985), a new range of possibilities 
for its study became available. The ER is a transcription 
activator and many groups study this aspect of the pro-
tein. Our work complements this by defining the steps 
which result in the production of the ER. Ultimately, 

the details of the cross talk between the controls which 
act directly on ER expression and those involved in 
related signal transduction pathways will be elucidat-
ed. 

Differentially expressed mRNA isoforms of I 
the human estrogen receptor-a gene are 
generated by alternative splicing and 
promoter usage 
(G. Flouriot) 

In the past year, the group has worked on describing 
the promoter regions of the ER in human (hER) and 
chicken (chER) and mouse (mER). The general findings 
in all systems are similar and examples from each will 
be presented to avoid repetition. Prior results from this 
laboratory had pointed to the presence of an alterna-
tive promoter for the ER gene (Keaveney et al., 1991; 
Nestor et al., 1994). We found that a portion of the 5' 
flanking region of the hER gene, approximately 1.9 kb 
upstream from the previously assigned transcription 
start site, presented a high homology with the 5' end of 
the rat ER cDNA and exon 1 of the mouse ER gene. The 
existence of a second hER mRNA resulting from a 
splicing of this upstream region to the 5' untranslated 
region of the previously designated exon 1 was 
demonstrated by RT-PCR. Afterwards, these results 
were confirmed by work from other groups (Piva et al., 
1993; Grandien et al., 1995). In the course of further 
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investigation, we found that the total complexity of the 
promoter region may be greater than had initially been 
considered_ To obtain more information on this topic, a 
rapid amplification of cDNA ends (RACE) experiment 
was performed, using a specific primer which was 
downstream from the splice site previously described 
by Keaveney et al. (991)-

In this way, the isolatiop and characterization of sever-
al new human estrogen receptor-a (hER-a) mRNAs 
have been performed. Together with those previously 
identified, they give rise to a total of six hER- a mRNA 
isoforms (A-F hER-a mRNAs)_ Produced from a single 
hER-a gene by multiple promoter usage, all these tran-
scripts encode a common protein but differ in their 5' 
untranslated region as a consequence of alternative 
splicing of five upstream exons OB-IF). RT-PCR and 51 
nuclease mapping analysis of these different hER-a 
mRNA isoforms revealed a differential pattern of 
expression of the hER-a gene in human tissues and cell 
types_ The A hER-a mRNA is the main isoform detect-
ed in mammary glands or in the tumor cell lines 
derived from this tissue. This transcript is expressed at 
higher level in ER-positive breast tumor cell lines than 
in the healthy tissue. In endometrium, the predomi-
nant forms are the A and C hER-a mRNA isoforms 
whereas the C and F hER-a mRNA isoforms are the 
major forms detected in ovary. Finally, high levels of 
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Figure 1 

the E hER-a mRNA isoform are restricted to the liver 
and the E and F ER-a mRNA isoforms are the only ER-
a transcripts detected in the two osteoblast cell lines 
tested. Taken together, our results demonstrate that the 
human ER-a gene is a complex genomic unit exhibit-
ing alternative splicing and promoter usage in a tissue-
specific manner. 

Working on cER (c. Pope) and mER (5. O'Brien), simi-
lar results in terms of the existence of multiple promot-
ers used in a tissue dependent manner have been 
described 

The 3' untranslated region of the human 
estrogen receptor-a gene confers rapid 
mRNA turnover 
(M.R. Kenealy, G. Flouriot, V. Sonntag-Buck) 

Human estrogen receptor-a mRNA (hER-a mRNA) 
has a relatively short half-life which was measured to 
be approximately 5 hours in MCF-7 cell line after an 
actinomycin treatment. The steroid hormone genes 
generally have a very long 3' UTR. Given the precedent 
from other genes that the 3' UTR can control mRNA 
stability, we investigated whether the 3' UTR plays a 
decisive role in hER-a mRNA turnover. hER-a 3' UTR 
was shown to completely downregulate CAT activity 
when present at the 3' end of CAT transcripts. 51 nucle-
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p p t; $'$' 
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Two protein isoforms I and II of cER-a. gene are produced in vitro and in vivo. 
(A) Schematic illustration of cDNA inserts of the expression vectors pSG cER-a. 1, pSG-a. cER II and HEO generating cER-a. I, cER-
a. II and hER-a. proteins. In the cDNA encoding form I, the sequences between nucleotides +158 to +2039 are included whereas in the 
cDNA encoding form II the sequences upstream of +308 and containing ATG1 are absent. Therefore, sequences preceding ATG2 are 
noncoding. 
(B) in vitro transcription and translation of the cER-a. form I and II and hER-a. cDNAs. pSG cER-a. I, pSG cER-a. II and HEO plas-
mids were translated by rabbit reticulocyte lysate in the presence of [35S1 methionine. Translation products were resolved on a 10% 
SDS-polyacrylamide gel and sized relative to the migration of prestained molecular size markers. 
(C) 40 mg of nuclear protein from chicken oviduct and liver were separated in parallel on the same gel. This was subjected to 
immunoblotting with the H222 antibody. Immunoreactive bands 66 and 61 kDa in size were visualised by ECL. 
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ase analysis indicated that the reduction in CAT activ-
ity by hER-a 3' UTR was due to reduction in CAT 
mRNA to undetectable levels. Chimeric genes com-
posed of a serum-inducible fos promoter, growth hor-
mone coding sequences and hER-a cDNA 3' UTR 
sequences (Lagnado et al., 1994), were used to localize 
the RNA region of ER mRNA responsible for the desta-
bilising effect. The presence of hER-a 3' UTR reduced 
the half-life (t l /2) of the reporter mRNA from more 
than 24 h to 2-3 h. When the hER-a 3' UTR was subdi-
vided into four fragments (UTRI-4), one fragment, 
UTR2, retained the most ability to downregulate the 
reporter mRNA (t I /2 = 3-4 h). Further subdivision of 
the UTR2 into three parts (UTR2a-c) resulted in the loss 
of the destabilising activity. A stretch of four AUUUA 
motifs (which are decisive in determining instability in 
other genes) within UTR2 was shown not to mediate 
mRNA de stabilisation. In contrast, a recombination of 
two UTR2 subfragments (UTR2a and b) restored par-
tially this function which indicates a cooperative role 
between the three UTR2a-c subfragments in the 
process which leads to destabilisation of the hER-a 
transcript. 
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Two functionally different protein isoforms 
are produced from the chicKen estrogen 
receptor-a gene 
(c. Pope, G. Flouriot, V. Sonntag-Buck) 

In chicken, the steroid hormone estrogen (E2) controls 
the production of egg-white and egg-yolk protein syn-
thesis in the oviduct and liver, respectively. This occurs 
through its binding to ER-a. Our recent studies have 
now demonstrated the existence of two forms of the 
estrogen receptor-a proteins in chicken tissues: the pre-
viously reported receptor (cER-a form I), which has a 
size of 66 kDa and a new form (cER-a form II) which 
lacks the N-terminal 41 amino acids present in form I 
and thus gives rise to a protein size of 61 kDa (Figure 
1). Whereas the 66 kDa protein is the translation prod-
uct of several cER-a mRNAs (AI-D), the cER-a protein 
isoform II is encoded by a unique mRNA (cER-a 
mRNA A2) which is transcribed in vivo from a specific 
promoter which is located in the cER-a gene in the 
region of the previously assigned translation start site 
of ER-a. 51 nuclease mapping analysis reveals that the 
relative level of cER-a mRNA A2 varies in the different 
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chicken tissues analysed. In contrast to cER-a mRNA 
Al which is the main isoform expressed in oviduct, 
cER-a mRNA A2 is liver-enriched and also shows a 
higher expression in male. Similar to the protein cER-a 
form I, the new form II can bind to a synthetic consen-
sus estrogen-response-element (ERE) in vitro but both 
receptor forms I and II differ in their ability to modu-
late estrogen target gene expression in a promoter and 
cell-type specific manner (Figure 2). Whereas cER-a 
form I activates or represses in an strict E2 dependent 
manner, the truncated form is characterised by a par-
tial trans activation activity in the absence of its ligand. 

Comparison of the N-terminal coding regions of differ-
ent vertebrate ER-a reveals a conservation of the trans-
lation start methionine of the protein ER-a form II in 
other oviparous species but not in mammals. Based on 
this observation, the expression of ER-a transcripts 
encoding the two ER-a receptor forms in the liver of 
Xenopus laevis and rainbow trout was then demonstrat-
ed. Therefore, the existence of two functionally differ-
ent protein isoforms produced from the estrogen 
receptor-a gene is probably a common and specific fea-
ture in oviparous species. This is a new observation. 

Future directions 

The group has now established the basis for a detailed 
description of the promoters for the ER gene from dif-
ferent species. In addition, a new understanding of the 
possible functional nuances between different isoforms 
of the protein is emerging. Our next major goal will be 
to identify the tissue specific elements that control the 
use of the different promoters. In parallel these studies 
are leading to a greater appreciation of the possible 
consequences of the subtle variations in ER expression 
in diverse situations, in particular cancer and osteo-
porosis. 
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THE GRENOBLE OUTSTATION 

The EMBL Outstation in Grenoble, France, is a laboratory of about 50 people located in very close proximity to two 
unique European facilities for research in structural biology: the nuclear reactor of the Institut Laue Langevin (ILL) 
which provides high flux neutron beams and the European Synchrotron Radiation Source (ESRF) which is now rou-
tinely producing the world's most intense X-ray beams. The Outstation collaborates very closely with both these 
facilities in building and running beamlines for structural biology and in developing the associated instrumentation 
and techniques. These activities are described in the reports by the EMBL-ESRF Joint Structural Biology Groups and 
the Instrumentation (Wilkinson) Group. 

At the same time, the Outstation has a very active in-house research programme in structural biology making use 
of a wide range of techniques including molecular biology, biochemistry, electron microscopy, light scattering, neu-
tron scattering, X-ray crystallography and computing. The availability of such a range of techniques is vital to the 
success of ambitious projects in modern structural molecular biology, and combined with the neighbouring large-
scale facilities, provides an ideal environment. There is a strong tradition at the Outstation in studying systems 
involving protein-nucleic acid complexes on the one hand and viruses on the other hand. Structural work on 
aminoacyl-tRNA synthetases has been particularly successful. A number of synthetases were first cloned at the 
Outstation and five different synthetase structures have been determined (including three in complex with cognate 
tRNA) the latest being asparaginyl- and prolyl-tRNA synthetases. Studies on protein-RNA systems are now being 
extended to the mammalian signal recognition particle (Cusack group). The Cusack group also works on adeno-
virus and HIV-1 capsid proteins in collaboration with local French groups. Another major focus is the study of RNA 
viruses such as influenza and rabies with the aim of understanding how they replicate and assemble (Ruigrok 
group). Protein crystallography of eukaryotic transcription factor-DNA complexes is another important topic, a 
recent highlight being the structure determination of the first Stat/DNA complex (Muller group). 
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Structure-function relationships 
in RNA-binding proteins and viral proteins 

Group Leader: S. Cusack 

Staff Scientists: C. Berthet-Colominas, A. Perrakis*, M. Tukalo, A. Yaremchuk 

Postdoctoral fellows: C. Mazza*, C. Stehlin*, M. van Raaij 

Predoctoral fellows: D. Birse, S. Monaco, O. Weichenrieder 

Visitors: B. Burke* 

Assistant: U. Kapp 

Aminoacyl-tRNA synthetases 

Aminoacyl-tRNA synthetases covalently link an amino 
acid to a nucleic acid adapter molecule, a tRNA, which 
contains the triplet anti-codon for that amino acid. 
They are in fact the only components of the translation 
machinery which really 'know' the genetic code and 
are thus crucial guarantors of the fidelity of protein 
synthesis. This 'knowledge', in reality depends on the 
three-dimensional stereo-specific recognition between 
a synthetase and its cognate amino acid and tRNA, 
coupled to a two-step enzymatic mechanism (includ-
ing various mechanisms for editing of errors) which 
results in the formation of correctly aminoacylated 
tRNAs with an accuracy of at least 10000:1. The 
charged tRNAs are then available for use in polypep-
tide chain elongation on the ribosome without further 
checking, on the amino acid level, that the genetic code 
has been correctly translated. Three aspects of aminoa-
cyl-tRNA synthetases are particularly interesting: first 
the mechanism of amino acid recognition and activa-
tion, secondly, the specific recognition of cognate tRNA 
and thirdly, the evolution of the synthetase family of 
enzymes, which must be of very ancient origin. 

Crystal structure of asparaginyl-tRNA 
synthetase from Thermus thermophil us 
(AsnRSTT) 
(c. Berthet-Colominas and S. Cusack with 
L. Seign overt, M. Hiirtlein and R. Leberman) 

The crystal structure of AsnRSTT was described in last 
year's Research Reports. This year we have deter-
mined the structure at 2.7 A resolution of AsnRSTT 
complexed with a sulfamoyl-analogue of asparaginyl-
adenylate (synthesised by Morten Gmtli in EMBL 
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Heidelberg). This structure permits a detailed compar-
ison with the complex of aspartyl-tRNA synthetase 
with aspartyl-adenylate (Poterzman et ai., 1995) to 
understand the specificity of these remarkably similar 
enzymes for respectively asparagine and aspartic acid. 
In fact there are only three systematic amino acid dif-
ferences between all known AsnRS and AspRS in the 
active site region. Lys-204 (in AspRSTT), which pro-
vides part of the electrostatic complementarity to the 
aspartic acid in AspRS (and is unfavourable to 
asparagine binding) is replaced by a uncharged or 
small residue in AsnRS (Ala-190 in AsnRSTT). Asp-239, 
which interacts with Lys-204 in AspRSTT, is replaced 

[
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Figure 1 

Comparison of aspartic acid recognition by aspartyl-tRNA 
synthetase (lett, from Poterzman et al., 1995) and asparagine 
recognition by asparaginyl-tRNA synthetase. Note the rela-
tive side-chain rotation and change in position of the u-
amino group of the substrate amino acid. 



by the longer Glu-225 in AsnRS, which has the dual 
role of making a favourable hydrogen bonding interac-
tion with the amino group of the asparagine side-chain 
and disfavouring binding of the like-charged aspartic 
acid in the same position. Finally, there is a systematic 
change of Gln-205 (AspRSTT) to Glu-191 (AsnRSTT) 
which reverses the orientation of a glutamine con-
served in both enzymes (Gln-201 in AspRSTT and Gln-
187 in AsnRSTT) This contributes to the alteration of 
the position of the a-amfno group of the asparagine, 
which in turn leads to the rotation of the asparagine 
side-chain more into the active site of AsnRS compared 
to the aspartic acid in AspRS (Figure 1). The similarity 
of these two enzymes attests to the likelihood that they 
have diverged relatively recently and correlates with 
the fact that in many organisms (e.g. Archaea, gram 
positive bacteria), there is no asparaginyl-tRNA syn-
thetase-Asn-tRNAasn is made by transamidation of 
Asp-tRNAasJ1. 

Study of structure-function relationship in T. 
thermophilus prolyl-tRNA synthetase (ProRSTT) 
(A. Yaremchuk, M. Tukalo and S. Cusack) 

ProRSTT is a class IIa aminoacyHRNA synthetase 
which is composed of two identical subunits of 477 
residues. Analyses of the sequences of all known pro-
lyHRNA synthetases from prokaryotes, eukaryotes 
and archaea revealed that there are two distinct groups 
of ProRS: "eukaryote/ archaea-like" and "prokaryote-
like" (see EMBL Research Reports 1996). Surprisingly, 
ProRSTT is of the "eukaryote/archaea-like" form. The 
crystal structure of ProRSTT has been solved recently 
(Cusack et al., see EMBL Research Reports 1996 and 
Cusack et al., 1998) and shows novel features among 
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class II synthetases. The extreme C-terminus, an 
absolutely-conserved tyrosine (Tyr-477) in "eukary-
ote/ archaea-like" ProRSs, is positioned such that the 
carboxyl-group is prominent in the active site. We have 
suggested that the exposed carboxyl-group of the con-
served tyrosine or its side-chain plays an important 
role in the activity of ProRSTT. In order to check this 
hypothesis, the following mutants of ProRSTT have 
been designed: Y 477F, Y 477 A and +G478 (a mutant 
with additional glycine at the C-terminus of ProRSTT). 
Using a pET vector-based expression system, Y477F 
and Y477 A were expressed at levels similar to the wild-
type enzyme, and +G478 was expressed at a very low 
level. From preliminary data, the amino acylation activ-
ity of partially purified Y 477F mutant was very close to 
that of wild-type ProRSTT. At the same time, the 
aminoacylation activity of Y 477 A mutant is reduced 
more than 10-fold. This means that an aromatic ring, 
but not the OH-group of Y 477, plays some role in 
aminoacylation of tRNAPro. Work is underway to puri-
fy and to check the enzymatic activity of the +G478 
mutant. 

Because the T. thermophilus ProRS resembles eukaryot-
ic synthetases, we thought that it might charge eukary-
otic tRNA. We have tested in vitro aminoacylation of 
total tRNA from T. thermophil us, E. coli, yeast and 
bovine liver by ProRSTT. As has been shown previous-
ly, E. coli and T. thermophilus tRNA are aminoacylated 
by ProRSTT with the same efficiency. At the same time, 
eukaryotic yeast and bovine tRNAs are very poor sub-
strates for the T. thermophilus enzyme. T. thermophilus 
tRNAPro has an acceptor end structure which is close to 
that of E. coli tRNAPro (C1-G72, A73) and is very differ-
ent from those for yeast and mammalian tRNAs (G1-

Figure 2 

Comparison of the mode of anticodon 
recognition by class lIa (left) and class lIb 
(right) aminoacyl-tRNA synthetases. Left: 
complex of T. thermophilus prolyl-tRNA 
synthetase with tRNAI1fO(CGG) showing 
class Iia anticodon binding domain inter-
acting with anticodon stem-loop. Bases G-
35 and G-36 are specifically recognised by 
the synthetase. Right: complex of T. ther-
mophilus lysyl-tRNA synthetase with 
tRNAlys(CUU) showing class lIb anti-
codon binding domain interacting with 
anticodon stem-loop. All three anti-codon 
bases, C-34, U-35 and U-36 are specifical-
ly recognised by the synthetase. 
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C72, C73). According to the crystal structure of two 
other class II enzymes-yeast AspRS and T. ther-
mophilus SerRS-it is known that the acceptor stem of 
tRNA interacts with the motif 2 loop of the enzyme. 
The motif 2 loop sequences differ significantly between 
the prokaryotic and eukaryotic ProRSs and may deter-
mine the acceptor stem specificity. Therefore, to 
improve the cross-species aminoacylation of yeast 
tRNA by ProRSTT, a ProRSTT mutant has been 
designed in which this ioop was replaced by the loop 2 
of yeast ProRS. The loop 2 swapping mutant has 
strongly reduced aminoacylation of T. thermophilus 
tRNAPro but does not improve the cross-species 
aminoacylation of yeast tRNA. This indicates, first, the 
important role of the motif 2 loop for amino acylation 
activity of ProRSTT but also indicates that there are 
likely to be other interactions outside this loop that are 
important for correct recognition between ProRS and 
tRNAPro. 

Crystal structure of the complex between 
T. thermophilus prolyl-tRNA synthetase and 
tRNAPro 
(A. Yaremchuk, M. Tukalo and S. Cusack) 

Most aminoacyl-tRNA synthetases specifically recog-
nise the anti-codon of their cognate tRNAs. Class IIa 
and class lIb aminoacyl-tRNA synthetases possess 
structurally distinct tRNA anti-codon binding 
domains. The class lIb enzymes (lysyl-, aspartyl- and 
asparaginyl-) have an N-terminal domain 
(OB-fold) whose interactions with the anti-codon stem-
loop are structurally well characterised in the case of 
the aspartyl- and lysyl-tRNA synthetases. Four out of 
five class IIa enzymes (prolyl-, threonyl-, histidyl- and 
glycyl-, not seryH have a C-terminal anti-codon bind-
ing domain with an not yet found in any 
other protein. The mode of RNA binding by this 
domain is hitherto unknown as is the rationale, if any, 
for why which enzyme has which kind of anti-codon 
binding domain. 

The crystal structure of T. thermophilus prolyl-tRNA 
synthetase complexed with tRNAPro(CGG) has been 
determined at 3.5 A resolution by molecular replace-
ment using the native enzyme structure. One tRNA, of 
which only the lower two-thirds is well ordered, is 
found bound to the synthetase dimer. The C-terminal 
anti-codon binding domain binds to the anti-codon 
stem-loop from the major groove side but with only 
three bases splayed out (bases 35-37) compared with 
five (bases 33-37) in the class lIb case (Figure 2). The 
two anti-codon bases, G-35 and G-36 are specifically 
recognised by residues from the synthetase. 

For the synthetases possessing the class IIa anti-codon 
binding domain (proline, threonine and glycine, with 
the exception of histidine), the two anti-codon bases 35 
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and 36 are sufficient to uniquely identify the cognate 
tRNA (GG for proline, GU for threonine, CC for 
glycine) since these amino acids occupy full codon 
groups. In the case of proline, the cognate tRNA com-
plex structure shows that these two bases are specifi-
cally recognised and not position 34, which can be any 
base. This is in agreement with biochemical experi-
ments which identify these two bases as major tRNA 
identity elements. In contrast, class lIb synthetases 
(aspartic acid, asparagine and lysine) have a distinct 
anti-codon binding domain which specifically recog-
nises all three anti-codon bases. This is again in corre-
lation with the requirements of the genetic code for 
cognate tRNA identification, since the class lIb amino 
acids occupy half codon groups. This work is now pub-
lished (Cusack et al., 1998). 

Crystallization of E. coli prolyl-tRNA 
synthetase 
(B. Burke, Minnesota, A. Yaremchuk, S. Cusack and 
K. Musier-Forsyth, Minnesota) 

Differences between eukaryote/ archaea-like (e.g. T. 
thermophilus, human) and prokaryote-like ProRS are 
interesting from the evolutionary and drug design 
points of view. As representative of a prokaryote-type 
prolyl-tRNA synthetase, we are trying to crystallise E. 
coli ProRS, which is a dimer of 572 residues per sub-
unit. Crystals have been obtained in a tetragonal space-
group with cell dimensions a=b=209 A c=303 A which 
diffract to 7.5 A in the laboratory and have yet to be 
tested on a synchrotron. Crystallisation trials on the 
tRNA complex are also in progress. 

Crystallization of T. thermophilus 
histidyl-tRNA synthetase (HisRSTT) 
with and without substrates 
(A. Yaremchuk, M. Tukalo and S. Cusack) 

Recently we have reported the crystal structures of 
HisRSTT in complex with histidine and histidyl-
adenylate (Aberg et al., 1997). It was shown that the 
HisRS-specific Arg259 interacts directly with the (X-
phosphate of the adenylate and this has suggested that 
it plays an analogous catalytic role in HisRS as the 
principal divalent cation in SerRS (Belrhali et al., 1995). 
In order to have a complete picture of the mechanism 
of histidine activation, attempts are being made to 
crystallize HisRSTT without histidine. Two new crystal 
forms of HisRSTT have been obtained in ammonium 
sulphate in the absence of histidine. Crystals belonging 
to the spacegroup C2221 with cell parameters a= 
lll.1A, b= 102.1 A, c=91.5 A diffract to at least to 2 A 
resolution. A complete native data set to 2.4 A resolu-
tion has been collected on the beam line ID2 at the 
ESRF on the only crystal of this type to be measured. A 
more reproducible crystal form of spacegroup C2 with 
cell parameters a=99.3 A, b=103.3 A, c=57.1A, 



Figure 3 

Histidinyl-adenylate bound in the active site of T. ther-
mophilus histidyl-tRNA synthetase (Aberg et ai., 1997). The 
framework of the class II active site is a five-stranded anti-
parallel p-sheet and the functionally important secondary 
structure elements are shown: motif 2, motif 3, 'TXE' loop, 
histidine-2 peptide and histidine-1 loop. The substrate is 
tightly bound due to induced fit movements of particularly 
the histidine-1 and motif 2100ps. In the absence of bound his-
tidine the histidine-1 loop takes an alternative conformation 
and in the absence of the adenosine moiety of ATP or the 
adenyiate, the motif 2 loop is poorly ordered 

Motif 2 loop 

beta= 117.20 diffracts very anisotropically (2 A in one 
direction, 3.3 A in a perpendiculalr direction). The 
crystal structure of HisRSTT without histidine was 
solved by molecular replacement, using the refined 
model of HisRSTT complexed with histidine. The com-
parison of the two structures shows significant confor-
mational changes in the enzyme associated with histi-
dine binding, not only in the position of the histidine 
binding loop (Figure 3) but also in the orientation of 
the insertion and anti-codon binding domains. The 
results obtained are consistent with our biochemical 
experiments which show a strong protection of 
HisRSTT by histidine against thermal inactivation. 

Expression, purification and crystallization of the 
archaeaI IysyI-tRNA synthetase from 
Methanococcus maripaludis 
(M. Tukalo, A. Yaremchuk and S. Cusack with M. Ibba 
and D. S6ll, Yale) 

Analysis of the genome of the archaebacteria 
Methanococcus jannaschii (Bult et al., 1996) has failed in 
identification of lysyl-tRNA synthetase by sequence 
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homology. But recently, an enzyme with canonical 
LysRS activity from a related bacteria, Methanococcus 
maripaludis, (LysRSMM) has been purified and its gene 
has been cloned in Dieter S6ll's laboratory (Ibba et al., 
1997a). However, the enzyme with this activity, which 
corresponds to open readil'.g frames of previously 
unassigned function in M. jannaschii, Methanococcus 
thermoautotrophicus and Archaeglobus fulgidus, has the 
characteristic motifs of class I aminoacyl-tRNA syn-
thetases, in contrast to all known other lysyl-tRNA syn-
thetases, which are class II enzymes. Moreover, very 
recently a class I LysRS was also identified in the 
genome of the bacterium Borrelia burgdorferi, the aetio-
logic agent of Lyme disease (Fraser et al., 1997; Ibba et 
al., 1997b). This fundamental difference between 
pathogen and host in an essential enzyme suggests 
that B. burgdorferi LysRS may be exploitable as a taget 
for the development of drugs against Lyme disease. 
The collaborative project has been initiated to carry out 
a structural analysis of LysRSMM. The S6ll group has 
constructed an over-expression system in E. coli by 
sub cloning the M. maripaludis lysS gene into pET15b. 
To improve the expression of LysRSMM, the M. mari-
paludis lysS gene has been recloned into the pSBETb 
plasmid (with the gene of tRNAArg4 in) and over-
expressed in the E. coli BL21CDE)pLys strain. With a 
new method of purification the final yield was about 
18 mg LysRSMM from 1 liter of culture. We are cur-
rently screening various crystallization conditions with 
this protein and its tRNA complex. 

Structural studies of the mammalian Signal 
Recognition Particle 
(Collaboration with K. Strub, University of Geneva, 
and SRPNET, an EU-funded TMR network) 

The mammalian Signal Recognition Particle (SRP) is an 
lIS cytoplasmic ribonucleoprotein that plays an essen-
tial role in the targeting of secretory and membrane 
proteins to the rough endoplasmic reticulum (RER) 
(Letcke, 1995). We are interested in various structural I 
aspects of SRP as a model system for protein-RNA 
recognition and in particular to understand the struc-
tural basis of the translation arrest function of the Alu-
domain. Recently, we have solved the crystal structure 
of a mammalian Alu RNA binding heterodimer, 
SRP9/14 (Birse et al., 1997). SRP9 and SRP14 are found 
to be structurally homologous, having the same 

fold. The heterodimer has pseudo 2-fold symme-
try and is saddle-like, comprising a strongly curved 8-
stranded with the four helices packed on the 
convex side. The proposed binding site of SRP9/14 on 
the SRP Alu RNA, as determined by chemical £oot-
printing, covers a substantial region of RNA where at 
least 86 nucleotides of RNA are required to maintain 
highly specific binding. Much of this RNA is likely 
double-stranded and some of it could bind within the 
concave surface of the SRP9/ 14 

219 



EMBL 1997 Research Reports 

Crystallisation and structure determination of 
human SRP9 
(K. Brown, G. Leonard (ESRF), U. Kapp and S. Cusack) 

Previously we have crystallised murine SRP9, but have 
so far failed to solve the crystal structure due to severe 
twinning problems. Three crystal forms have since 
been obtained of the human SRP9 (hSRP9), which has 
a largely identical sequence. (1) at pH 5, tetragonal 
(P41212) with a=b=54.7 A, c=107.2 A, resolution limit 
2.7 A. (2) at pH 5, orthorhombic (C2221) with a=72.9 A 
b=81.6 A, c=110.2 A, resolution limit 2.1A and (3) at pH 
8, hexagonal with a=b=100.2 A, c=62.9 A, resolution 
limit 3.2 A. 

These crystal structures could not be determined by 
molecular replacement using the SRP9 moiety of the 
SRP9/ 14 fusion protein. Crystal form (a) was solved by 
means of the MAD method using selenomethionated 
hSRP9. The structure reveals that SRP9 forms a 
homodimer that is surprisingly quite different from the 
SRP9/14 heterodimer in its mode of dimerisation. The 
homodimer is formed by interdigitating of the C-ter-
minal a-helices in such a way that the 3-stranded 
sheets of each monomer are external and do not form 
an extended intermolecular Crystal form (b) 
was solved by molecular replacement using the struc-
ture from form (a). Crystal form (b) contains two 
homodimers in the asymmetric unit from which a 
highly refined model has been derived (R-free = 31.9%, 
R= 23.1 %, all data to 2.1 A). It is not yet clear whether 
this homodimer is of biological significance, but the 
possibility is raised that it may bind a different species 
of RNA in a totally different fashion than the SRP9/ 14 
heterodimer. Alternatively it is perhaps an artifact of 
the low pH of crystallisation. The structure of the pH 8 
form (c) has not yet been determined. 

Mutagenesis of the human SRP9/14 heterodimer 
(D. Birse, M. Tukalo and K. Strub) 

To probe specific SRP9/14-Alu RNA interactions, a 
series of experiments is being conducted on the basis of 
structural knowledge of the SRP9/14 heterodimer, via 
specific site-directed mutagenesis experiments, cross-
linking studies, and gel-shift assays. These investiga-
tions began with cloning the human SRP9 and SRP14 
into a plasmid vector system suitable for performing 
site-specific mutagenesis. Mutations in the concave 
putative RNA-binding surface have been cho-
sen in both SRP9 and SRP14, which can be combined to 
give a number of different heterodimers. Wild type and 
mutant recombinant SRP proteins have been over-
expressed in bacteria with/without hexa-histidine tags 
to facilitate subsequent metal affinity purification, and 
are now available for RNA-binding assays. 
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Characterization and crystallization of Alu RNPs 
(0. Weichenrieder, U. Kapp with K. Strub, Geneva) 

We are interested in the tertiary structure of an Alu 
RNA in the context of ribonucleoprotein particles such 
as the SRP and scAlu RNPs. Additionally, the Alu RNA 
tertiary structure has also been suggested to playa role 
in possible RNA intermediates in the retroposition of 
genomic Alu sequences and in stimulating transcrip-
tion from RNA Pol III promotors. 

Last year (Research Report 1996) we reported on the 
functional identification and analysis of a minimal Alu 
RNA folding domain that is specifically recognized by 
SRPF14-9, a recombinant fusion protein containing the 
sequences of both the SRP14 and SRP9 proteins on a 
single polypeptide chain. SA86 is an Alu RNA of 86 
nucleotides that competes efficiently with 7SL RNA for 
SRPF14-9 binding, whereas smaller RNAs do not. The 
secondary structure of SA86 includes two stem-loops 
that are connected by a highly conserved bulge and, in 
addition, a part of the central adaptor stem that con-
tains the sequence at the very 3' end of 7SL RNA. 
Circularly permuted variants of SA86 competed only if 
the 5' and 3' ends were joined with an extended linker 
of four nucleotides. SA86 can thus be defined as an 
autonomous RNA folding unit that does not require its 
5' and 3' ends either for folding or for specific recogni-
tion by SRPF14-9. These results suggest that Alu RNA 
identity is determined by a characteristic tertiary struc-
ture, which might consist of two flexibly linked 
domains (Figure 4, Weichenrieder et al., 1997). 

We have continued the characterization of several Alu 
RNAs in complex with SRP9/14. To this aim we have 
set up and optimized a variety of techniques including 
competitive nitrocellulose filter binding, specific gel 
retardation, analytical ion exchange and gel filtration 
chromatography and sucrose gradients as well as 
chemical and enzymatic probing. We could confirm a 
1:1 stoichiometry for the complex of SA86 and 
SRP9/14 and found that SRP9/ 14 tends to bind prefer-
entially to the 5' domain of SA86. In addition, com-
plexed SA86 seems to adopt a much more globular 
shape than free SA86. These results further support the 
previously suggested model in which SA86 would 
undergo a protein-induced fit, which would bring its 
two domains in contact with two distinct RNA binding 
surfaces on SRP9/14. 

For the reconstitution and crystallization of complete 
Alu RNPs, covalently pure RNA is transcribed and 
purified in milligram amounts using ribozyme tech-
nology. To overcome problems with conformational 
heterogeneity such as dimerization and aggregation 
and to possibly introduce electron-dense atoms at spe-



Figure 4 

SA86, a minimal Alu RNA folding domain that specifically 
binds SRP9/14. Efficient binding requires flexibility 
(arrows) between the 5' domain and the 3' adaptor stern frag-
ment. I-IV: Regions in synthetic canine SRP RNA that are 
protected from hydroxyl radical cleavage by canine SRP9/14. 

U A 
C C 

G U 
A C 

III IV 
C -G 
C -G 1----4 

C -G GG 

G U -A .v U A A G 
A G G Cc GAG G C G G U C G C U U 
U I I I 

G C C 5' U G 

I I I I I I I I I I I I 
UCUCUG CC AGCGA 

C C G A 
A 

C -G 
C -G 

A A 
3' 

II G -c I 
C -G 
G -c 
C -G SA 86 

G G 

C U 
GG 

cific sites, some new RNA sequence variants have been 
transcribed and tested. In addition to the murine 
fusion protein SRPF14-9, variants of the human 
SRP9/14 heterodimer can now be expressed in E. coli. 
The purified human heterodimer seems to be of 
defined stoichiometry and conformationally pure as 
judged by analytical gel filtration chromatography. 
Surprisingly, the pure human SRP9 protein migrates at 
the size of an SRP9 homodimer, which fits, however, 
with the results obtained from crystallographic analy-
sis (see above). Finally, we have succeeded in purifying 
Alu particles on a preparative scale, but crystallization 
experiments have not yet resulted in suitable crystals. 
Crystallization trials are being continued intensively 
with free Alu RNAs and ribonucleoprotein particles of 
various compositions. 

Construction of S-domain derivatives of human 
SRP-RNA and crystallization trials with SRP19 
and SRP54 
(K. Wild, C. Mazza, U. Kapp and K. Strub) 

We are extending our structural studies from the Alu-
domain of the mammalian SRP to the S-domain. The S-
domain comprises about half of the SRP-RNA (150 
nucleotides) and four of the six proteins bound to the 
particle (SRP19, SRP54, SRP68, SRP72). With SRP54 it 
contains the key player of SRP which binds to the sig-
nal sequences of secretory and membrane proteins. 
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SRP19 is the only protein which is able to bind to the 
RNA independently of other SRP proteins. Its binding 
induces a conformational change in the SRP-RNA 
which is required for SRP54 to assemble into the parti-
cle. 

We are starting by trying to co-crystallize SRP19 with 
its major RNA site which is located on helix 6 of SRP-
RNA including the terminal tetraloop (Zwieb, 1992). 
Using an E. coli expression construct with an epitope 
tag made by K. Strub (University of Geneva), we can 
purify milligram amounts of pure human SRP19. So 
far, two RNA constructs have been tested: one of 17 
nucleotides (made synthetically) and one of 29 
nucleotides (made by T7 RNA polymerase in vitro tran-
scription). Within one transcription reaction we can 
produce milligram amounts of pure RNA using 
ribozyme technology. To avoid oligomerization of the 
RNAs, the 1:1 complex with SRP19 is formed under 
kinetic control. Gel filtration experiments show the 
quantitative complex formation and a very defined 
conformation as deduced from the elution diagrams. 
The complexes are stable for several weeks and no 
degradation of the components could be observed. 
First crystallization trials yielded well-shaped crystals 
of SRP19 co-crystallized together with the 29mer. Very 
sm'l.ll crystals could also be obtained for the 29mer 
alone. Trials to improve the size and the quality of the 
crystals are underway. Furthermore, we are currently 
extending this work to the ternary complex of SRP19 
and SRP54 (expressed in the baculovirus system) with 
RNA. 

Adenovirus penton complex 
(M. van Raaij, C. Stehlin, S. Cusack and J. Chroboczek, 
IBS, Grenoble) 

The adenoviral coat contains, apart from 240 copies of 
the trimeric hexon protein, a penton complex at each of 
the twelve vertices. The penton complex consists of a I 
pentameric base, which interacts with the hexon, and a 
trim eric fibre which protrudes from it. The fibre head is 
responsible for the viral attachment to the primary 
receptor, while the base is implicated in internalization. 
We are interested in solving the structure of this penton 
complex, its components and proteins that interact 
with it (neutralizing antibodies, receptors, integrins). 
The primary receptor of adenovirus serotypes 2 and 5 
has been identified by Bergelson et al. (1997) this year. 
The structure of the AdS fibre head has been solved 
(Xia et al., 1994) to a resolution of 1.7 A, but the struc-
ture of the penton base has only been determined to a 
low resolution by electron microscopy. This year, we 
have determined the structure of the fibre head of ade-
novirus serotype 2 from two crystal forms: one at a res-
olution of 1.5 A in space group P321 containing one 
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Figure 5 

Crystals of adenovirus serotype 2 fibre head domain. They 
are of spacegroup P321 with unit cell parameters a = b = 95 
A, c = 49 A, a = b = 90 0

, g = 120 o. They are grown by sitting 
drop vapour diffusion from a solution containing ammonium 
sulphate at pH 4-5 and 25% (v/v) glycerol, which enables 
direct flash-freezing from the crystallisation drop. They dif-
fract to at least 1.3 A usinl intense synchrotron radiation. 

monomer in the asymmetric unit, and the other to a 
resolution of 1.9 A in space group PI containing four 
trimers in the asymmetric unit. 

The Ad2 fibre head containing one putative shaft 
repeat (residues 388-582 of the intact fibre protein) was 
expressed in baculovirus at the Institut de Biologie 
Structurale (IBS) in Grenoble, and then purified and 
crystallised at the Outstation using ammonium sul-
phate (P321 crystal form) or polyethylene glycol 4000 
(PI crystal form) as precipitants. Data for the P321 
form was collected on beamline ID2 at the ESRF from 
three frozen crystals grown in cryoprotectant (Figure 
5). The data had an average completeness of 92%, a 
multiplicity of 4.7 and and merging R-factor of 7.3%. 
The overall F / s(F) was 29.9 (6.3 at 1.5 A). The structure 
of the Ad2 fibre head was solved by molecular replace-
ment, using the published structure of the serotype 5 
fibre head (Xia et al., 1994) and refined (current R-fac-
tor 16.4%, free R-factor 18.3%). Expression experiments 
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of the adenovirus 2 receptor and co-crystallisation 
experiments of the adenovirus serotype 2 fibre head 
with the Fab fragment of a neutralising monoclonal 
antibody are in progress. Knowledge of the structure of 
the fibre head from different serotypes and of com-
plexes with receptors and / or neutralising antibodies 
will help to design gene transfer vectors specific for 
desired cell types. 

Structure determination of the complex of 
the capsid protein p24 of HIV-l and a 
monoclonal Fab 
(c. Berthet-Colominas, S. Monaco, S. Cusack with 
A. Novelli and F. Mallet, BioMerieux, Lyon) 

In the mature HIV virion, the capsid protein p24 forms 
the conical shell surrounding the nucleocapsid within 
the viral membrane. The shell is formed in a matura-
tion step, following specific HIV protease cleavage of 
the Gag polyprotein, of which p24 is the central part 
between the matrix protein (p17) and the nucleocapsid 
protein (p7). p24 has a clear structural role but is also 
important in assembly and maturation due to its spe-
cific interaction with cyclophilin A (a proline cis-trans 
isomerase). 

The two flexibly linked domains of p24 (1-151 for the 
N-terminal domain and 146-231 for the C-terminal 
domain) have been solved independently (Momany et 
al., 1996; Gamble et al., 1997). The structure of the 
whole molecule remains unknown since in the crystal 
structure where the whole p24 was complexed with an 
Fab binding to its N terminal, the C-terminal domain 
was not visible. In order to see the two domains with 
respect to each other, we have crystallized p24 com-
plexed with an Fab bound to its C-terminal domain, 
hoping to thereby reduce the eventual mobility of this 
domain. A partial data collection (80% complete) has 
been measured to 3.8 A resolution on a single crystal 
3011m thick on the ESRF microfocus beamline in 
August 1996 (see Research Reports 1996 for more 
details). Molecular replacement has been tried without 
any success with the p24 N-terminal domain and the 
Fab of the complex solved by Momany et al. (1996). 

In order to facilitate the Fab-p24 complex structure res-
olution, crystals of the Fab alone have been grown. We 
were also interested in understanding the role of 
induced fit in the antibody-antigen interaction. 
Different data collections were performed on those 
crystals, and molecular replacement using Momany's 
model for the Fab had given a convincing solution (see 
previous research report for more details). We have 
now collected a good 1.8 A resolution dataset on a 
CCD detector on BM14 at ESRF, having this time the 
long axis along the rotation axis. The cloning and 
sequencing of the cDNA of the Fab has also been per-
formed using PCR and automatic sequencing. The Fab 



model has been refined between 15 and 1.8 A to a crys-
tallographic R factor of 24.1 % and a free R factor of 
27.3%. 

Molecular replacement on the data of the Fab-p24 com-
plex has been performed with this model of the Fab 
and the N-terminal of p24. A PC refinement (XPLOR) 
on the solutions of rotation found by AMoRe for the 
Fab model has allowed us to find a good rotation solu-
tion and then to find a with AMoRe for the 
first molecule of Fab in the asymmetric unit. The sec-
ond molecule of Fab has been easily placed in the cell 
by fixing the first one. Only one p24 N terminal model 
has been placeable by molecular replacement. The 
packing of these three molecules in the crystal being 
good, we have applied the non-crystallographic sym-
metry operators of the Fabs in the asymmetric unit to 
the first N-terminal domain of p24. We have then cal-
culated (2Fo-Fc) and (Fo-Fc) maps allowing us to place 
the C-terminal domain of p24 (Gamble et al., 1997) and 
found the second C-terminal domain by applying the 
same operators as for the Fabs to this domain. Albeit at 
modest resolution, this gives us the first picture of the 
intact p24 molecule. Improved data to 3 A resolution of 
the Fab-p24 complex have recently been collected on 
station EH3 of beamline ID14 at the ESRF. 
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Protein:DNA interaction group 

Group Leader: CW. Muller 

Postdoctoral fellows: S. Becker, C Petosa 

Predoctoral fellows: P. Cramer, G. Cingolani, A. Varrot 

Our group is interested in the structure and function of 
DNA-binding proteins and their interactions with 
DNA. In particular we want to study on a molecular 
level how eukaryotic transcription factors recognize 
their DNA target sites and how interactions between 
different specific and general transcription factors reg-
ulate transcriptional activity. Furthermore we are inter-
ested in how transcription factors become activated in 
the cytosol and how they are transported into the 
nucleus. 

In 1997 the structure of the T domain:DNA complex of 
the Brachyury transcription factor was refined at 2.5 A 
resolution and has been published. The refinement of 
the NF-KB p52:DNA complex structure at 2.1 A was 
completed and the structure has also been published. 
Furthermore we were able to obtain a well diffracting 
crystal form of an insect ReI protein:DNA complex. 
Good progress was also achieved on the Stat project. 
Initial crystals obtained in 1996 were further improved 
and now diffract to 2.2 A resolution. 

We also started a structure determination project of 
importin a., which is one cytosolic component of the 
complex transport system responsible for the import of 
proteins into the nucleus. 

T domain:DNA complex 
(C Muller, collaboration with B. Herrmann, Freiburg, 
Germany) 

T protein is a transcription factor responsible for meso-
derm formation in higher eukaryotes. Its DNA-bind-
ing domain, called "T domain", comprises 230 residues 
and now shows homology to other DNA-binding 
domains. Nucleotide selection experiments deter-
mined a palindromic 20-meric DNA sequence as target 
site. By sequence comparison, the T domain has been 
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found in a growing family of eukaryotic transcription 
factors with diverse functions. 

The T domains from Xenopus laevis and from zebrafish 
were expressed in a bacterial expression system and 
we were able to obtain crystals with a 24-mer DNA 
duplex containing its target site. Crystals of both 
homologues diffract beyond 2.0 A resolution (Figure 1) 
arId crystallize in related space groups. The structure of 
the T domain:DNA complex from Xenopus laevis was 
solved by multiple isomorphous replacement and the 
refinement at 2.5 A has been completed (R-factor = 
21.5%, Rfree = 28.3%). 

The X-ray structure shows that the T domain binds the 
DNA as a dimer. Each monomer consists of a 
related to immunoglobulin domains. The dimer 

Figure 1 

Structure of the T domain bound to DNA at 2.5 A resolution 



2.2.a resolution 

j 

Figure 2 

1 degree oscillation photograph of co-crystals, 
recorded at the undulator beamline ID2 (ESRF, Grenoble) 

approaches the DNA from the minor groove and it 
spans a large arc over the DNA. It contacts the DNA in 
the major and minor groove. A new type of specific 
DNA contact is seen, where a carboxy-terminal helix is 
deeply embedded into the minor groove without bend-
ing the DNA. Hydrophobic interactions and an un-
usual main-chain carbonyl contact to a guanine 
account for sequence-specific recognition in the minor 
groove by this helix. 

The T domain shows some structural similarity to 
NF-KB and the tumor suppressor P53. This similarity 
extends beyond the trivial similarity of proteins con-
taining an Ig-fold and may indicate a common ances-
tor. Base-contacting arginines in the N-terminal 
domain of NF-KB and in the T domain protrude from 
the same loop. 

STAT-Protein (Signal Transducer and 
Activator of Transcription) 
(S. Becker, in collaboration with B. Groner, Freiburg, 
Germany) 

STAT transcription factors are a new class of eukaryot-
ic transcription factors. They are activated by cytokines 
via the JAK-STAT pathway: cytokine binding to cell 
surface receptors leads to the autophosphorylation of 
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the receptor at a tyrosine. As a consequence, the SH2 
domain containing STATs can bind to the receptor, 
where they become tyrosine-phosphorylated. This 
phosphorylation event leads to dimerization of the 
STATs via their SH2 domains and to translocation to 
the nucleus, where STAT proteins bind to their specific 
DNA target sites. 

STAT transcription factors consist of an N-terminal 
domain important for cooperative binding to multiple 
DNA sites. Their central core contains a DNA-binding 
region and an SH2 domain which mediates dimeriza-
tion; a short C-terminal tail is responsible for transcrip-
tional activation. 

The core domain of Stat3 (Mr = 68 kDa) was expressed 
and activated in Escherichia coli. The protein which was 
obtained is soluble, tyrosine-phosphorylated and 
binds to its specific DNA target site. Initial crystals of 
the protein:DNA complex which diffracted to about 3.8 
A were obtained in 1996. By systematically varying the 
length of the DNA duplexes used for co-crystallisation, 
crystals were obtained in 1997 which diffract to 2.2 A 
resolution (Figure 2). The crystals grow to a size of 800 
x 400 x 100 l..lm3. The space group of the crystals is 141 
(a = b = 174.0 A, c = 79.4 A). 

The structure was solved by multiple isomorphous 
replacement using three different mercury, one plati-
num and one selenomethionine derivative. Native and 
derivative data were collected at beamlines 1002, 
BM14 and 1014-3 of the European Synchrotron 
Radiation Facility (ESRF). The obtained experimental 
electron density map at 2.5 A resolution is of excellent 
quality. Model building and refinement at 2.25 A reso-
lution are currently in progress. 

NF-KB p52-DNA complex 
(P. Cramer and G. Verdine, Cambridge, USA) 

The Rel/NF-KB family of sequence-specific transcrip- I 
tion factors regulates the expression of genes involved 
in immunity, cell growth and development in verte-
brates and insects. The structure of human NF-KB p52 
homodimer bound to a 13-mer DNA comprising a spe-
cific binding site from the MHC promoter (5'-
GGGGATTCCCC-3') has been refined using data to 2.1 
A resolution. The final R-factor is 21.9% (Rfree = 32.0%). 
Whereas the overall structure resembles that of the NF-
KB p50-DNA complex, pronounced differences are 
observed within the insert region, a sequence element 
believed to be involved in protein-protein interactions 
(Figure 3). Two a-helices forming the insert region ele-
ment are rotated away from the core of the N-terminal 
domain opening up a mainly polar cleft. The high res-
olution reveals many structural water molecules that 
mediate protein-DNA contacts. Further complexity in 
ReI protein-DNA interaction results from an interfacial 
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water cavity located between residues at the edge of 
the dimer interface and the central DNA major groove. 
Due to the high resolution, the pS2-DNA complex pro-
vides a reliable basis for detailed biochemical analysis 
of the Rel/NF-KB family. 

Gambifl-DNA complex 
(P. Cramer, A. Varrot, e. Barillas-Mury and 
Ee. Kafatos, EMBL Heidelberg) 

Gambifl is a novel member of the Rel/NF-KB family 
involved in primitive immune defense mechanisms in 
the human malaria vector, Anopheles gambiae. The ReI 
homology region of Gambifl shares 70% identical 
amino acid residues with the Drosophila melanogaster 
protein Dorsal. A nuclear gradient of Dorsal establish-
es the dorsal-ventral body axis in the early Drosophila 
embryo. An initial clone encoding Gambifl was trun-
cated by site-directed mutagenesis at either end to 
yield only the ReI homology region except the C-ter-
minal nuclear localization signal. This Gambifl variant 
was expressed in E. coli, purified and co-crystallized 
with a IS-mer DNA duplex comprising a specific bind-
ing site derived from the Drosophila zen gene (5'-
GGGAAAAACCC-3'). The space group of the crystals 
is P4322 with unit cell dimensions 87.6 A x 87.6 A x 96.2 
A (Figure 4). Using synchrotron radiation, the crystals 
diffract to 2.5 A resolution in the direction of the DNA 
axis but more weakly in other directions. The asym-
metric unit contains one half of the homodimer-DNA 
complex. 

Figure 4 

Gambifl:DNA co-crystals 
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Figure 3 

Structure of the NF-
KB pS2:DNA complex 

The Gambifl-DNA complex structure, the first struc-
ture of an insect Rel protein bound to DNA, was solved 
by multiple isomorphous replacement using iodo-
DNA derivatives. The N-terminal specificity domains 
and the DNA duplex are well defined in the experi-
mental electron density map, while the C-terminal 
dimerization domains are disordered. 

Refinement using data to 2.7 A resolution is almost 
completed. The current R-factor is 21.9% (Rfree = 
28.8%). The overall structure of the N-terminal domain 
core of Gambifl is very similar to that of p50 and p52 
with an r.m.s. deviation in Ca atom positions of 1.2 A 
(omitting residues 152-187). The insert region of 
Gambifl folds into an a-helix and a long loop and 
resembles that of NF-KB p65. In the case of the nuclear 
factor of activated T cells (NFAT), a protein related to 
the ReI family, the insert region is involved in protein-
protein interactions. Variability of the insert region 
might reflect different partners for ternary interactions. 



The Gambifl-DNA structure serves as a good model 
for a specific Dorsal-DNA complex. The differential 
affinity of Dorsal to DNA sites of developmental target 
genes can now be explained on the basis of the DNA 
contacts observed. 

Nuclear import factors 
(G. Cingolani and K. Weis, University of California, 
San Francisco) 

In eukaryotic cells, the import of proteins into the 
nucleus occurs through the nuclear pore complex. 
Molecules of up to 9 nm diameter can freely diffuse, 
while for larger proteins nucleoplasmatic transport is 
an active, signal-mediated process. 

The best-characterized signal is the nuclear localisation 
signal (NLS), a short monopartite or bipartite stretch of 
basic residues, which is specifically recognized by sol-
uble factors: importin ex and Importin ex interacts 
directly with the NLS sequence, while importin binds 
the heterodimeric complex ex/NLS substrate. 

We are currently studying the individual molecules 
(importin ex and and the heterodimer. 
Combining biochemical and biophysical analysis, we 
are trying to define stable domains in both proteins or 
a stable complex. This will provide a starting point for 
crystallographic investigations. 
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Virus structure group 

Group Leader: RW.H. Ruigrok 

Staff Scientist: F. Baudin 

Postdoctoral fellows: Klumpp*, J. Grimes 

Predoctoral fellow: F. Iseni 

Visitors: C. Alberti-Segui*, W.P. Burmeister, J. Curran*, E. Garino*, Y. Gaudin*, N. Tabouriech, D. Waku* 

Assistant: A. Barge 

We study the structure of viruses, viral proteins and 
sub-viral particles, using a combination of biochemical 
and biophysical approaches, in order to understand 
the basic processes of viral replication. Our studies are 
concentrating more and more on the structures 
involved in RNA replication and transcription process-
es, combining chemical and enzymatic probing tech-
niques for RNA structure with electron microscopy 
and X-ray crystallography. We compare the structures 
of the ribonucleocapsids of influenza viruses and rhab-
doviruses (vesicular stomatitis virus (VSV) and rabies 
virus). Schematic diagrams of influenza virus and VSV 
can be found in the 1994 Research Reports. Although 
not figuring in this and previous reports, much of our 
effort is focused on the purification of viral and recom-
binant proteins, such as the influenza virus non-struc-
tural proteins (NS1 and NS2), nucleoprotein (NP) and 
matrix protein (M1) with the aim of crystallisation. 
However, the viral proteins we work on are not always 
easy to obtain in large amounts nor to crystallise, often 
because they are designed to form biologically active 
polymers other than regular crystals. 

Structure of influenza virus nucleocapsids 
(K. Klumpp, F. Baudin and R. Ruigrok) 

Influenza virus transcription and replication is per-
formed by ribonucleoprotein particles (RNPs). They 
consist of an RNA molecule covered with many copies 
of nucleoprotein (NP) and carry a trimeric RNA poly-
merase complex. RNA modification analysis and elec-
tron microscopy performed on native RNPs suggest 
that the polymerase forms a complex with both con-
served vRNA ends, whereas NP binding exposes the 
RNA bases to the solvent. After chemical removal of 
the polymerase, the bases at the vRNA extremities 
become reactive to modification and the vRNPs behave 
as structures with free ends as judged from the obser-
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vation of salt-induced conformational changes by elec-
tron microscopy. The vRNA appears to be completely 
single-stranded in polymerase-free RNPs despite a 
partial, inverted complementarity of the vRNA ends. 
The absence of a stable double-stranded panhandle 
structure in polymerase-free RNPs has important 
implications for the mechanism of viral transcription 
and the switch from transcription to replication. 

Difference in ATP requirement between 
influenza virus transcription initiation and 
elongation 
(K. Klumpp and R Ruigrok) 

The ATP requirement of the influenza A virus RNA-
dependent RNA polymerase was studied during in 
vitro transcription reactions. In complete transcription 
reactions, the Km for ATP was found to be 10-fold high-
er than the Km values for the other NTPs. However, 
during transcription elongation the Km for ATP was as 
low as the Km values for the other NTPs suggesting a 
special requirement for ATP during transcription initi-
ation. Gel analysis of RNA products of transcription 
initiation reactions showed that the incorporation of 
AMP into nascent RNA was more efficient at positions 
4,6 and 7 relative to the template RNA than at position 
5. The polymerase produced short, abortive transcripts 
with lengths corresponding to positions 3 and 4 rela-
tive to the template but never to position 5 or longer. 
These results suggest that incorporation of AMP at 
position 5 induces the influenza A virus polymerase to 
go through a transition from a transcription initiation 
to an elongation complex. This functional change of the 
polymerase complex rather than a requirement for ATP 

bond hydrolysis is the most likely reason for the 
particularly high Km for ATP during the early phase of 
transcription. This conclusion is supported by the fact 
that the ATP analogue ATPyS (adenosine 5' -O-(3-thio-



triphosphate)) can efficiently replace ATP in in vitro 
transcription reactions and shows a comparable drop 
of Krn between transcription initation and elongation. 

Shape, membrane interaction and packing of 
influenza virus Ml protein 
(A. Barge, R Ruigrok and J. Brunner, ETH, Zurich) 

M1 protein of influenza virus forms a layer inside the 
lipid membrane and is tfiought to form contacts with 
the cytoplasmic tails of the glycoprotein spikes, the 
membrane and the internal nucleocapsid. In electron 
micrographs of negatively stained virus particles, M1 
is seen to touch the membrane as a 60 A-long rod. 
Purified, lipid-free M1 in two different polymerisation 
states also seems to be a 60 A-long rod, suggesting that 
M1 is not membrane embedded as previously thought, 
but probably membrane associated through electro-
static interactions. Another M1-polymer which forms a 
large coil and is seen in virus-like particles was found 
to be located inside the lipid membrane but not touch-
ing it, also suggesting an absence of membrane embed-
ding. This was confirmed by photolabeling with the 
membrane restricted reagent 125I-TID-BE which 
labeled the transmembrane regions of the glycopro-
teins but not Ml. We suggest that M1 is associated with 
the membrane through an electrostatic membrane 
interaction of a polybasic sequence with the negatively 
charged inside of the cell (viral) membrane, similar to 
that of HIV matrix protein. The packing of M1 in 
influenza virus seems to produce sections of defined 
curvature which are joined to form a more or less 
spherical particle, perhaps similar to the packing of 
Gag in immature HIV-1 (Fuller et al. , 1997, Curro Biol., 
7, 729-738). 

Structure of the Vesicular Stomatitis Virus 
nucleocapsid 
(E Iseni, E Baudin, R Ruigrok, Y Gaudin and 
D. Blondel, Gif-sur-Yvette) 

The polymerase complex of Vesicular Stomatitis Virus 
(VSV) is composed of the polymerase protein L tightly 
associated with its co-factor, the P protein. It is still not 
clearly understood whether these complexes initiate 
transcription from a single promotor at the 3' end of 
the genome or if they initiate internally at each gene 
junction. Using the footprint technique, we want to 
determine if, inside the virus, the polymerase com-
plexes interact with specific regions of the RNA 
genome. For this study, the intact virus is incubated 
with different chemical probes which specifically mod-
ify atomic positions on the bases of the nucleotides. 
Our results show that although the nucleoprotein 
tightly enwraps the VSV genome, the bases of the 
nucleotides are reactive towards single strand probes. 
This means that the RNA in the nucleocapsid is in a 
single stranded conformation and that the nucleopro-
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tein exposes the bases towards the solvent, just as in 
influenza RNP. We looked at two specific regions of the 
genome where it was more likely to find nucleotide 
protections due to the polymerase complex: the 3' end 
of the genome and the N-P intergenic region. In both 
regions specific protections were found, and we are in 
the process of confirming that these protections are 
caused by polymerase interactions with the RNA. 
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Diffraction instrumentation group 

Group Leader: C Wilkinson 

Staff Scientist: A. Gabriel 

Predoctoral fellow: K. Brown* 

Assistants: H. Blampey, J.-C Castagna, F. Cipriani, F. Dauvergne 

Short-term visitors: H. Amenitsch, A. Craievich, R. Cubitt, M. Dosiere, F. Glasser, G. Habash, J. Helliwell, 
B. Hsaiao, W. Jauch, T. Kalus, M. Keller, M. Kocsis, G. Kostorz, P. Laggner, C-H. Lee, M.s. Lehmann, P. Lesieur, 
O. Lyon, H. Mio, D. Myles, F. Ne, W. Petry, O. Peyret, S. Prince, D. Richard, D. Sivia, H. Stuhrmann, M. Thoms, 
M. Tristl, P. Vachette, G. Vogl, T. Zemb 

The diffraction instrumentation group supports the 
collaborative work of the outstation with the Institut 
Laue Langevin (ILL) and the European Synchrotron 
Research Facility (ESRF). During the year, collabora-
tion has continued with ILL to develop a neutron 
quasi-Laue diffractometer (LADI) for the measurement 
of protein structures to atomic resolution. A large X-ray 
image plate scanner (LIPS) has been constructed for 
use on the BL20 beamline at the ESRF. The group also 
continues to produce multi-wire proportional counter 
detectors for X-rays and neutron diffraction in collabo-
ration with other research laboratories and universi-
ties. A fast X-ray image plate changer has been built for 
use on the multi-wavelength anomalous dispersion 
beamline (BL19) at ESRF. The group also collaborates 
with ILL in running DB21, a four circle neutron dif-
fractometer at ILL designed to make low resolution 
measurements (-15 A) of systems with very large unit 
cells. 

Neutron quasi-Laue diffractometer (LAD!) 
(J.C Castagna, H. Blampey, L. Claustre, F. Dauvergne, 
F. Cipriani, C Wilkinson, M.s. Lehmann, ILL, and 
D. Myles, ILL) 

The aim of LADI is to extend the measurement of pro-
tein structures at atomic resolution to small crystals of 
materials with large unit cells, where the Bragg reflec-
tions tend to be rather weak and on a high background. 
This diffractometer uses a novel neutron-sensitive 
image plate area detection system and is the first on-
line neutron image plate diffractometer in the world. It 
offers a gain over conventional diffractometers of 
between one and two orders of magnitude in the time 
necessary for the performance of these experiments 
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and will allow the extension of neutron diffraction 
techniques to the study of larger proteins and smaller 
crystals. Successful measurements on LADI include 
those on tetragonal lysozyme (collaboration with N. 
Niimura and Y. Minezaki of JAERI) and on con-
canavalin-A (collaboration with J. Helliwell and J. 
Habash, Manchester University). The successful func-
tioning of this machine depends upon the availability 
of neutron-efficient gamma-insensitive neutron image 
plates. To this end, the group participates in a TMR 
neutron instrumentation network (XENNI) and has a 
research collaboration with Michael Thoms of the 
University of Erlangen. 

Instrument performance has recently been improved 
by further automation. A data set needs many expo-
sures over a period of days, and to minimise the neces-
sity for user intervention during this period, the elec-
tronics and data acquisition software have been 
replaced by a new VME/ Device Server system, allow-
ing fully automated acquisition sequences (erasure, 
exposure, readout, sample orientation). A SPEC super-
visor (client) running on a UNIX Workstation controls 
the diffractometer with the ability to control auxiliary 
devices, which are experiment-dependent. 

A new sample holder with cryo-cooling is able to cool 
the samples down to 15 K. The system is based on a 
standard Edwards COOLSTAR 6/30 cooling head. The 
sample is mounted on a support attached to the head 
with a heat-conducting spherical joint which is used to 
align the sample. All the cold parts are under vacuum 
in an aluminium dewar and are double-shielded from 
thermal radiation. The cryo-cooling system will be con-
nected to a controller with RS232 serial interface and 
remotely controlled by SPEC 



Figure 1 

The robot assistant (left of pic-
ture) installed in the hutch of 
ID14 at ESRF. The Wistren-
berg camera and the robot are 
on the right. 

Large X-ray image plate scanner (UPS) 
(J.e. Castagna, H. Blampey, F. Cipriani and L. Claustre) 

An off-line X-ray scanner (LIPS) has been constructed 
in a collaboration with the ESRF. This device is able to 
read large (400 mm x 800 mm) X-ray image plates at a 
resolution of 200 mm in a read time of 4 minutes, or at 
100 mm in 6.5 minutes. The scanner processes cassettes 
containing sixteen such plates from the Weissenberg 
camera of the protein crystallography beamline BL20 
(1014) at ESRF, and works in conjunction with a 'robot 
assistant'. The function of this device is to take each 
image plate out of a cassette, to erase it, to present it to 
the robot, and after exposure to put it back in the cas-
sette. Image plates are handled by suction cups and 
moved by pneumatic jacks; the transfer is controlled by 
a PLC connected to the robot for synchronisation and 
to a UNIX supervisor for bar code management. Image 
plates are erased by two 2 kW halogen lamps. The 
image plate handling cycle (removal, erasure, replace-
ment) takes about 20 seconds. The robot assistant is 
now finished and has been installed in the 1014 hutch 
(Figure 1). 

A CdTe pixel detector for X-ray protein 
crystallography 
(F. Cipriani) 

Semiconductor direct detection (e.g. Si, Se, CdTe ... ) is 
one of the most interesting techniques for the next gen-

The Grenoble Outstation 

eration of X-ray imaging detectors. Many prototypes 
have been developed in the world (mainly for medical 
use) and for some of these, industrial versions should 
be available in 1998/99. The LETI (Laboratoire 
d'Electronique de Technologie et d'Instrumentiation) 
in Grenoble, a leader in CdTe technology, has devel-
oped a pixel detector for dental radiography. We have 
started a collaboration with this institute to see if their 
technology is suitable for the development of an X-ray 
detector for protein crystallography. The main charac-
teristics of the existing dental detector are a sensitive 
area of 20 x 30 mm, 400x 600 pixels of 50 llm x 50 llm, 
a dynamic range of 10 bits, a reading time of 0.25 s, effi-
ciency up to 99% at 70 keY, PSF "" 65llm FWHM; "" 300 
llm FWI %M (measured 20 & 40 keY). 

For protein crystallography, the objectives are: a sensi-
tive area of 150 x 150 to 200 x 200 mm, 2048 x 2048 pix-
els, organised in a 4 x 4 matrix of 512 x 512 pixels base 
module with a dead zone :::; 2 pixels, PSF 50 llm 
FWHM; 200 llm FWI %Max. at 17 KeV, a dynamic 
range of 16 bits, noise < 2 LSB (S.D. at 8 keY). The first 
step in this feasibility study is to evaluate the noise lim-
its of the dental detector (locate the noise sources, sim-
ulate them and find a way to reduce them to the 
required level). Secondly, solutions to juxtaposing the 
base modules will be evaluated, using a pass-through 
connection technique. Finally, the cost of the whole 
development will be estimated to prepare an applica-
tion to the EU for funding. 
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Micro-crystal X-ray diffractometer for ID13 
(F. Cipriani, J.e. Castagna and S. Cusack) 

It is sometimes not possible to grow biological crystals 
larger than a few tens of microns and despite the fact 
that synchrotrons can provide beams well matched to 
the size of these micro-crystals, there is a lack of dif-
fractometers able to handle them efficiently. A design 
study is being made for a diffractometer which can be 
used to collect data from such crystals on the microfo-
cus beam-line 1013 at ESRF. In micro-crystal experi-
ments, a large part of the beam time is spent in crystal 
alignment. This is because micro-crystals (5 to 50 pm) 
are difficult to see and the beam is very difficult to 
locate. To ensure that the crystal stays in the beam dur-
ing the experiment, the precision and the stability of 
the goniometer must be 5 to 10 times better than that 
required for conventional crystals. 

We have begun a feasibility study of a micro-diffrac-
tometer to achieve these design requirements. The 
beam location and the sample alignment will be done 
remotely, immediately before exposure. The micro-dif-
fractometer (Figure 2) will comprise a single horizontal 
(phi) axis goniometer, with a sample rotation error of 1 
pm (radius of sphere of confusion). The sample will be 
aligned by moving only the phi axis instead of the 
whole goniometer table. With this method, the number 
of times access to the hutch is required should be lim-
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Figure 3 

Curved MWPC which has been installed on INlO at 
ILL. The detector radius is 236 mm, height 300 mm 
and has an angular aperture of 165 deg. The detector is 
filled with 3 bars of He3 and 2 bars of CF4 gas. 

ited and any mis-alignment caused by mechanical drift 
suppressed. The final goal is to build a computerised 
feeding system for frozen crystals where many sam-
ples can be analysed with minimum user intervention. 

Multi-wire proportional counters (MWPC) 
(A. Gabriel, F. Dauvergne) 

Among several on-going collaborations in this area is 
the development of four MWPC X-ray detectors for the 
Dutch/Belgian beamline at ESRF. In addition to con-
tinuing with X-ray detectors, we are now constructing 
neutron sensitive detectors and are collaborating with 
the ILL in constructing the detector for the new neu-
tron reflectometer (017) at ILL, for the inelastic scatter-
ing time of flight instrument IN10 (Figure 3), and for 
the ADAM spectrometer. Two-dimensional position-
sensitive neutron detectors have also been provided 
for Sa clay (Paris), Hahn Meitner Institute (Berlin), and 
the Australian National Science and Technology 
Organisation (Lucas Heights). 

The detector provided for INlO is cylindrically curved, 
with a novel method for sensing the position of neu-
tron events. The classical (Charpak) method for elec-

Figure 2 

1-Phi axis; 2-Sample holder (mounting position); 
3-Motorised arc; 4-Video microscope lens (beam coaxial 
vision); 5-Aperture/primary beams top; 6-Scintillator; 
7-Secondary beamstop; 8-N2 fluX cooling device 



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

Figure 4 

The PIX MAP structure of 
the cathode used for the new 
delay line read out method in 
the INlO detector. 

tronic readout of a two-dimensional MWPC detector 
comprises three parallel planes of wires in a cell con-
taining an inert gas. When an event occurs in the 
detecting gas, a cloud of electrons is attracted to the 
central plane (anode) which is at high positive poten-
tial. This central plane is sandwiched by two orthogo-
nal planes of cathode wires, which provide the rectan-
gular coordinates of the incident event by measuring 
the traveling time of the induced pulses along delay 
lines associated with each cathode. 

In the new method the anode has not two, but only one 
cathode plane, which is in the form of a 'pixel' map 
(PIX MAP) which provides the two rectangular coordi-
nates. The surface of the deformable and electronically 
insulated figure is divided into small areas which are 
suitably connected in rows and columns, and linked to 
X and Y delay lines to provide orthogonal coordinates 
of the event (Figure 4). 
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Joint Structural Biology Group 

Staff Scientists: S. Cusack, S. McSweeney, T. Perrakis, B. Rasmussen, A. Thompson 

Postdoctoral fellow: J. Grimes 

Assistants: J.-M. Bois, C Claustre, F. Felisaz, F. Lapeyre, D. Pognant 

The Joint EMBL/ESRF Structural Biology Group 
(JSBG) was formed in 1996 to bring together under one 
umbrella scientists and technical staff directly involved 
in the structural biology beamlines at the ESRF. The 
work of EMBL staff members who are members of the 
JSBG, but not of other groups at EMBL is reported here. 
All reported activities are generally collaborations with 
a number of EMBL staff in other groups and with ESRF 
staff. 

The ESRF MAD beamline, BM14 
(L. Claustre, F. Felisaz, F. LaPeyre and A. Thompson, 
in collaboration with S. Laboure, G. Leonard, 
V. Stojanoff and o. Svensson, ESRF) 

The Grenoble Outstation provides scientific and tech-
nical expertise and support for the Multi-Wavelength 
Anomalous Diffraction (MAD) beamline of the ESRF, 
BM14. The MAD phasing method relies on small 
changes in the diffraction properties of crystals con-
taining a heavy anomalous scatterer as the wavelength 
of data collection is varied around the X-ray absorption 
edge of the anomalous scatterer. This beamline was 
constructed as a collaboration between the ESRF and 
EMBL Grenoble, and became operational in September 
1995. It has now been used to solve more than 30 new 
structures by the method of MAD phasing, including 
one of the largest structures ever solved by this tech-
nique, and has been capable of detecting some of the 
weakest anomalous signals ever used to provide phas-
ing for macromolecular structures. Projects measured 
on the beamline during 1997 are shown in Table 1. 

A number of technical improvements have been made 
to the beamline over the last year, including the instal-
lation of a MAR345 image plate detector (controlled 
from a SUN SPARC workstation), improvement of the 
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fluorescence detection system to give higher energy 
resolution and lower noise absorption edge spectra, 
improved optics for mounting the crystal samples, and 
a novel backstop design to minimise collisions 
between detector and diffractometer. The use of the 
ESRF designed n/CCD detector (with a readout time 
of 3.5 s) and a version of HKL specially developed in 
collaboration with Z. Otwinowsky and W. Minor have 
enabled MAD experiments to be successfully complet-
ed in a very short period of time, the current record 
being 7 hrs (W. Hunter, Dundee University) from first 
mounting a sample to first interpretable electron den-
sity map (a Se-Met protein of 28 kDa and 3 Se-methion-
ines per molecule, 2 molecules in the asymmetric unit, 
orthorhombic space group). 

The following experiments were amongst the high-
lights of the year: 

(a) Ultra-weak anomalous signal 

Recently an attempt was made to obtain some anom-
alous signal from an Fe protein containing the extreme-
ly weak anomalous scattering ratio of 1 Fe atom per 53 
kDa molecule, which gives a net maximum anomalous 
difference of 1.4%. MAD experiments are rarely 
attempted when the theoretical signal is below 3%, due 
to the difficulty of measuring such small anomalous 
signals with sufficient statistical accuracy. The electron 
density map to 3.5 A resolution resulting from a 4 
wavelength MAD experiment (3 wavelengths around 
the Fe absorption edge and a fourth at 0.95 A (in order 
to maximise the dispersive signal and provide a refer-
ence data set almost free from absorption errors) shows 
clear secondary structure (see Figure I), and, although 
the map is not of high quality, is probably inter-
pretable. That a meaningful map was produced at all is 
a remarkable result. 



(b) NDD: a very large protein solved by MAD 

The structure naphthelene l,2-dioxygenase (NDO) has 
been recently solved by a group from the Swedish 
University of Agricultural Sciences, Uppsala (S. 
Ramaswamay et al.), and is one of the biggest struc-
tures ever solved by the technique of MAD protein 
crystallography, having a molecular weight of around 
140 kDa (1286 residues) fn the asymmetric unit. This 
enzyme catalyses the first step in the biodegradation of 
naphthalene, an important pollutant. The enzyme is 
important in the bio-catalysis industry, and is used in 
the production of indigo (the world's most commonly 
used dye) in a single step reaction converting indol to 
indigo and hence eliminating the large number of steps 
in the chemical synthesis of this dye. 

The structure was solved by a seleno-methionine MAD 
experiment with two wavelengths of data collected 
close to the Se absorption edge followed by one at a 
remote wavelength. The complicated Se partial struc-
ture (there were 26 Se's expected in the asymmetric 
unit) was solved by using the phases from a weak Hg 
derivative and identified by residual maps calculated 
with the program SHARP (de la Fortelle and Bricogne). 
20 of the 26 sites were identified in both anomalous dif-
ference Fouriers phased with the SIR phases, and in the 
native/Se-methionine isomorphous difference map. 
The MAD phases calculated with SHARP extend to 3.5 
A, the map being of high quality. The electron density 

Helix in 3.5 A MAD map; 1 Fe in 53kD 
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map was only clear when the anomalous scattering 
factors were refined in blocks of 30 degrees, correspon-
ding to the data collection strategy, the values of f' and 
f" thus varying for each block. This effect does not 
appear to have a real physical significance as the drifts 
do not correspond to the measured shape of the 
absorption spectrum, and therefore appears to be an 
artefact of scaling. From the resulting map a model 
consisting of 80% of the main chain and 40% of the side 
chain atoms were built. Phase extension to 2.5 A (using 
model phases and a native data set also collected on 
BM14 is now completed, and the results are due for 
publication in Structure this summer. 

Design of the new MAD beamline ID29 

In order to be able to study smaller crystals and larger 
unit cells, a transfer of the BM14 beamline to an undu-
lator insertion device is planned. The new beamline is 
expected to be operational in the year 2000, and will 
offer a higher intensity beam but in a finer energy 
bandpass and with better collimation than the existing 
bending magnet beamline. This new beamline is also 
being constructed as a collaboration between EMBL 
Grenoble Outstation and the ESRF. The experimental 
arrangement will be based on the design developed by 
Sean McSweeney and Franck Felisaz for the ESRF 
beamline ID14 EH4, which is described elsewhere in 
this report. Optical design of the beamline is now com-
plete, and elements are being ordered for installation in 
the summer of 1999. 

Figure 1 

A helix in a 3.5 A MAD map with one Fe 
anomalous center in 53 leOa (courtesy of 
O. McRee) 
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Table 1: 1997 projects on MAD beamline, BM14 

Project Principal Nat. Project title 
No Investigator 

LS483 I. Andersson S Understanding cephalosporin biosynthesis 
LS 486 D. Barford UK Structure of the Ser /Thr protein phosphatase 2C by MAD 
LS 521 S. Knight S Studies on FimCH chaperone/ adhesin complex 
LS554 U. Sauer S MAD data collection on Se-met labelled phenylalanine hydroxylase 
LS 604 L. Carpenter UK Data collection on HI hemagglutinin from a 1943 strain of flu virus 
LS 611 S. Cusack EMBL Data collection on aminoactyl tRNA synthetases and their substrate 

complexes 
LS 612 G. Sainz F Structure of ornithine carbamoyltransferase from P. aeruginosa 
LS 620 U. Ermler D Structure of the MalK protein from Salmonella typhimurium 
1..S 626 C. Frazao P Rubredoxin oxygen oxidoreductase 
LS 630 J.P. Fuerste D Hairpin ribozyme 
LS637 E. Harutyunyan Rus Dopamine beta-hydroxylase 
LS 639 U. Heinemann D High resolution X-ray structure of bovine adrenoxin 
LS 643 G. Leonard ESRF Structural studies of a class II aldolase 
LS 644 W. Hunter UK Structural studies on a glycosyl transferase 
LS 645 G. Leonard ESRF High resolution data collection on a DNA fragment 
LS 649 Y. Jones UK X-ray crystallographic studies on the cytokine receptor gp130 
LS 656 X. Lee USA Structure of an integral membrane protein serpin of Schistosoma 
LS 658 A. Leslie UK Structural studies of bovine FI-ATPase 
LS 662 Y. Maeda Japan Protein studies of troponin complexes 
LS 665 R. Lancaster D X-ray structure of the membrane protein complex fumarate reductase 
LS 667 C. Mueller EMBL Diffraction experiments on eukaryotic transcription factor:DNA complexes 
LS 675 S. Phillips UK Structural studies of plasmid replication initiator proteins 
LS 676 S. Ramaswamy S Structure of enzymes in the bacterial dioxygenase system 
LS 688 l. Sinning EMBL Data collection on FtsY in complex with GTP and GTP analogs 
LS 689 J. Smith USA Enzyme active sites at high resolution 
LS 694 M. Thunnissen S Structural studies of LTA4 hydrolase 
LS 696 J. Williams EMBL Structure of Src tyrosine kinase 
LS 702 G. Taylor UK MAD phasing of hemagglutinin-neuraminidase from Newcastle disease 

virus 
LS 703 S. Gamblin UK Structure of the cdc42/RhoGAP complex 
LS 742 S. Ramaswamy S MAD experiment on ferredoxin from Pseudomonas sp 
LS 748 J. Fontecilla-Camps F Pyruvate:ferredoxin oxidoreductase from Desulfovibrio african us 
LS 762 J. Endicott UK Cyclin dependent kinase 2 (CDK2) in complex with CDK inhibitors 
LS 767 J. Fontecilla-Camps F The catalytic mechanism of [Ni-Fel hydrogenases 
LS 776 S. Hansen N Crystal structure of RUBISCO from Alkaligenes eutrophus 
LS 779 A. Hemmings UK Structural determination of colicin DNase domain 
LS 781 R. Hillig Crystal structure of Rnal p 
LS 788 Y. Jones UK NK cell receptor KIR2 
LS 790 C. Kratky Aus Structure solution of component S from glutamate mutase 
LS 798 D. Logan S Anaerobic class III RNR from bacteriophage T4 
LS 800 A. McCoy UK Helical subfilaments of the motile major sperm protein of Ascaris 
LS 804 K. Miki Japan Crystal structure analysis of Aleura aurantia lectin 
LS 807 D. Moras F Threonyl tRNA synthetase from E. coli with its cognate tRNA 
LS 809 C. Muller EMBL Matrix protein Ml from influenza virus 
LS 810 C. Muller EMBL Single crystal diffraction from Stat3:DNA cocrystals 
LS 811 M.Newman UK Structure determination of the restriction endonuclease Bgl1 
LS 812 M. Noble UK Arylamine n-acetyltransferase of Salmonella typhimurium 
LS 825 P. Roach UK The mechanism of isopenicillin N synthase 
LS 837 G. Shoham Israel Crystal structure of xylanase T6 by MaD 
LS843 D. Stuart UK Structural studies of HIV-l RT: structural basis of drug design 
LS 847 I. Tanaka Japan Ribosomal protein S7 
LS 855 S. Wood UK Structure of serine hydroxymethyl transferase 
LS 915 R. Ficner D Spliceosomal US snRNP-specific 15K protein 

236 



The high brilliance beamline, ID2, at the 
ESRF 
(B. Rasmussen, J. Grimes, J.-M Bois, L. Claustre, 
F. Felisaz F. Lepeyre & D. Pognant with O. Diat, 
J.Lescar, J. Gorini, ESRF) 

The high brilliance beamline continued to be shared 
50%-50% between small-angle scattering and protein 
crystallography and had 25 user groups from 7 coun-
tries during 1997 (Table 2). The beamline continues to 
be massively oversubscribed and only applications for 
the most challenging projects were allocated time. 
Visitor travel expenses were also this year partially 
supported by a grant to EMBL under the EU Access to 
Large Scale Facilities Programme. 

In the summer of 1997 a faster 345 mm on-line 
MarResearch image-plate scanner was installed in 
addition to a total refurbishment of the computing 
environment including a SGI computer for on-line data 
processing. The new MAR scanner has significantly 
improved the throughput by at least a factor 2.3. The 
two undulators (46 mm and 26 mm) can be utilised 
simultanously increasing the spectral brilliance by a 
factor of 2-3 at 12 keY. The current version of the User 
Interface (ProDC) forms the basis of a general package 
for all biocrystallographic stations at the ESRF. 

Proteins associated with cell membranes, either par-
tially or fully integrated into the membrane, provide a 
special challenge to macromolecular crystallography. 
Not only are these important proteins difficult to crys-
tallise, but the crystals are mostly small and give weak 
diffraction patterns making the use of synchrotron 
radiation mandatory. Several membrane proteins proj-
ects were carried out on ID2 during 1997 (Table 2). 

Figure 2 

a) Schematic representation of the transmembrane a-helices 
of one Photosystem I monomer. Adjoining monomers are 
partially included, separated by bold, broken lines. The pro-
posed assignment of a-helices and the approximate extent of 
individual subunits are indicated by thin, dotted lines, the 
stromal subunits by continuous black lines. The region occu-
pied by the chlorophyll a units of the core antenna system is 
indicated by light grey shading. 

b) An equivalent depiction to panel a) but looking along the 
membrane plane (stroma, top; lumen, bottom). The a-helices 
(light blue) of the stromal subunits are shown in addition. 

[courtesy of N. Krauss] 

The Grenoble Outstation 

A good example being studied on ID2 by W. Sanger 
and his colleagues is Photo system I whose structure 
will provide firm data for understanding oxygen-pro-
ducing photosynthesis. Photosynthesis is the process 
whereby solar light energy is converted into chemical 
energy which is then readily available to living sys-
tems. In oxygenic photosynthesis (occuring in plants, 
algae and cyanobacteria) two separate reaction centre 
(RC) complexes catalyse this reaction and primarily 
function in series; they are called, respectively, 
Photo systems I and II (PSI and PSII). While PSII pro-
duces a highly positive redox potential to oxidise 
water, PSI produces a highly negative potential to 
reduce NADP+ to NADPH. Both have been charac-
terised extensively by biochemical, spectroscopic and 
partly by structural methods. The large antenna sys-
tem of PSI, with approximately 100 chlorophyll a units 
(Chla), serve to capture excitation energy and channel 
it to the primary electron donor P700, (a Chla-dimer), 
located near the lumenal side of the membrane. On 
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Table 2: 
Scheduled experiments performed on the protein crystallography end-station of ID2 
during 1997 

Proposer 

Krauss 
Freer 

Tsukihara 

Michel 
Leslie 
Phillips 
Phillips 
Madden 
Cusack 

Knossow 

Maeda 
Stuart 

Yonath 
Moras 

Michel 
Iwata 
Iwata 

Phillips 
Phillips 
Richmond 
Stuart 
Stuart 
Deisenhofer 

Deisenhofer 

Krauss 
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Country Experiment title 

D 
UK 

Japan 

D 
UK 
UK 
UK 
D 
EMBL 

F 

Japan 
UK 

D 
F 

D 
S 
S 

UK 
UK 
CH 
UK 
UK 
USA 

USA 

D 

-1997 - first half 

The structure elucidation of the intrinsic membrane protein complex photosystem I. 
High resolution studies of the light harvesting antenna complex from photosynthetic 
bacteria. 
Fine structures of dioxygen reducing dinuclear center (FeCuB) of cytochrome c oxidase 
at oxidized and oxigenized states. 
Cryocrystallography of cytochrome c oxidase from Paracoccus dentrificans. 
Structure determination of Hepatitis B virus core particles. 
Structural studies of four-way DNA (Holliday) junctions. 
Structure determination of nucleic acid motifs using a defined supra molecular scaffold 
X-ray crystallographic study of the H+-ATPase from N. crassa. 
T. thermophilus aminoacyl-tRNA synthetases and their substrate complexes 
(AsnRS, ProRS, LysRS). 
The structural basis for the escape of influenza virus mutants from neutralization 
of their infectivity. 
Tropomyosin from lobster muscle. 
Structural studies on Bluetongue virus cores and core-like particles. 

1997- second half 

Crystallographic studies of ribosomes. 
X-ray data collection on crystals of nuclear receptors: 
a) ternary complex delta-AB-RXR (retinoic acid receptor)/ DNA/9-cis retinoic acid 
b) binary complex DE-ER (estrogen receptor) / oestradiol. 
Cryocrystallography of cytochrome c oxidase from Paracoccus denitrificans. 
Structural studies on cytochrome c reductase from bovine heart mitochondria. 
High resolution x-ray crystallographic analysis of two subunit of cytochrome c oxidase 
from Paracoccus denitrificans. 
Structural studies of four-way DNA (Holliday) junctions. 
Structure determination of nucleic acid motifs using a defined supramolecular scaffold. 
Histone H1 containing nucleosomes and transcription factor complexes. 
Structural studies on Bluetongue virus cores and core-like particles. 
Picornavirus/receptor interactions. 
High resolution x-ray diffraction data collection of the soluble homologues of the 
ABC transporters, SecA and UvrA. 
High resolution data collection of the bovine mitochondrial cytochrome Cj complex 
crystal and analysis of substrate and/ or inhibitor bound C1 crystals. 
The structure elucidation of the intrinsic membrane protein complex photo system I. 



excitation the primary donor causes a charge separa-
tion and an electron is transferred via intermediate 
cofactors to the terminal acceptors (two 4Fe-4S clus-
ters) located near the stromal side of the thylakoid 
membrane. 

Data was first collected on ID2 to 3.8 A resolution and 
later to 3.5 A. The fine collimation of the ID2 beam 
proved essential in resolving the broad Bragg peaks 
which result from the high crystal mosaicity. The most 
detailed information of the three-dimensional struc-
ture of Photosystem I is based on data to 4 A (Krauss et 
al., 1996; Schubert et al., 1997). On the basis of the 4 A 
structure the protein and the geometry of the cofactors 
both of the antenna and the electron transfer system 
has been derived with significant improved accuracy 
(Figure 2). Very recently data extending as far as 3 A 
resolution has been obtained on ID2 that may allow a 
complete model of PSI including amino acid side 
chains and more exact chlorophyll a orientation impor-
tant for the assignment of transition dipole moments 
relevant for the discussion of energy transfer. 

The structure of PSI is the first representative of the 
group of iron-sulphur type RCs. Despite insignificant 
sequence homology it shows some structural resem-
blance to the RC of purple bacteria, which in turn is 
related to PSII, both being quinone-type RCs. Thus, 
apart from clarifying the molecular basis of light con-
version in PSI, the X-ray structure has important impli-
cations both in terms of the evolution of photosynthet-
ic RC and as regards the structure of RC which have 
not been amenable to structural analysis. 

ID 14 Macromolecular crystallography 
beamline at the ESRF 
(Sean McSweeney, Franck Felisaz, Franck Lapeyre 
with Wim Burmeister, Ed Mitchell, Hassan Belrhali, 
and Soichi Wakatsuki, ESRF) 

EMBL is closely involved in the development of the 
four endstation protein crystallography beamline 
("Quadriga") at the ESRF which has a double undula-
tor source. In particular EMBL scientists have made the 
design and implementation of the end-station ID14-
EH4 which takes the very intense straight through 
beam. EMBL also plays an important role in the design 
and provision of services for experimental facilities on 
the three side-stations; the now complete ID14-3, and 
the final two experimental facilities ID14-2 and ID14-1 
due for commissioning in late 1998-1999. For the three 
stations EH4, EH2 and EH1, EMBL staff are developing 
a user friendly sample environment and data collection 
facilities, employing state of the art computer design 
software to develop full three-dimensional plans of the 
sample environment allowing full and detailed analy-

The Grenoble Outstation 

sis of the endstation to be undertaken before purchase 
and implementation is necessary. We have found from 
our experience on ID14-EH44 that this allows a rapid 
installation and effective modification cycles. 

Construction and commissioning of ID14-EH4 contin-
ued throughout last year. All major optical components 
are now installed and operational. The monochroma-
tor system provides rapid exchange between Silicon 
111, and Silicon 311 cut crystals, the former will be used 
for normal data collection, whilst the latter will pro-
vide high resolution monochromatic X-rays for MAD 
and anomalous dispersion measurements from macro-
molecules. The toroidal mirror has been commissioned 
and performs to the expected standard, focal spot 
achievable at the sample position is 0.16 x 0.2 mm2 

(Vertical x Horizontal FWHM) 

The installation of the experimental facilities is nearing 
completion, and in the later stages of commissioning. 
The experimental facility has been completely 
designed at the EMBL, and comprises a compact colli-
mation system, a high speed, high resolution single 
axis spindle, and a compact pseudo-two theta system 
which provides the support for the MarResearch 
2Kx2K CCD detector system. 

Essential features of the ID14-EH4 beamline and exper-
imental facilities are summarised in the following 
table: 

Focal Spot (FWHM) 0.16 x 0.20 mm2 

Flux into focal spot (at 0.93 A) 6.1012 photonslsl 
0.02% bandwidth 

Energy Range 

Minimum Crystal to 
detector distance 

Maximum Crystal to 
detector distance 

Maximum 2-theta 

Maximum rotation 
speed of camera 

0.35 - 1.7 A 

60mm 

750mm 

20 deg 

25 degls 
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Protein microcrystallography on ESRF 
microfocus beamline ID13 
(A. Perrakis, S. Cusack, L. Claustre, J.M. Bois, 
F. Cipriani with C. Riekel, H. Belrhali and 
M. Burghammer, ESRF) 

Protein microcrystallography requires an order of 
magnitude higher precision (i.e. microns compared to 
tens of microns) in alignment than on standard setups 
coupled with high mechanical stability. The problem is 
to be sure that the microcystal is in the microbeam and 
on the rotation axis. This calls for high power micro-
scopes to visualise both crystal and beam position (e.g. 
with a fluorescent crystal) and accurate motorised 
adjustments to bring everything into alignment. 
Visualisation of tiny frozen crystals in loops is not 
always easy and a crucial aspect of the optical visuali-
sation is correct illumination, possibly with an option 
of using polarised light. Since it is required to record 
weak diffraction, background must be minimised by 
having the collimator and a small beamstop very close 
(a few mm) to the crystal. This, together with the pres-
ence of a cryo-cooler and microscopes, means that the 
sample position is very crowded making manual 
access for crystal mounting difficult (especially of pre-
frozen crystals which require an arc or cryo-tongs) and 
a high risk of misaligning something. Since the radia-
tion damage problem means that crystal changes will 
be frequent, the solution is to have a means of repro-
ducibly removing and replacing beam-stop and colli-
mator to allow sample access followed by a largely 
automatic procedure for crystal and beam alignment 
once the hutch door is shut. A small real-time CCO 
camera is very useful for checking alignment. The actu-
al data collection is also optimally done with a large-
area CCO detector which is very well-matched in read-
out time and spatial resolution to the short exposure 
times and small spot sizes expected. A purpose-made 
microcrystal diffractometer attempting to combine all 
these features is currently under construction (F. 
Cipriani and Jean-Charles Castagna). 

Results from ESRF microfocus beamline ID13 

Experiments continue to be performed on the microfo-
cus beamline 1013 with an undulator beam focussed to 
30 microns at the sample position and an intensity of 
about 1012 photons/sat wavelength 0.68 A. These 
experiments have established that there is ample flux 
density to give excellent high resolution diffraction 
patterns in a few seconds even from very small crys-
tals. One obvious use of a microfocus beamline is test-
ing microcystals at the stage when one is still hoping 
they will grow, but wants to know how well they dif-
fract. However with more adapted instrumentation, 
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more of such tests should actually give rise to useful 
datasets. 

The first successful results have been obtained on 
microcrystals of bacteriorhodopsin (bR) grown using 
lipidic cubic phases as described last year (Landau and 
Rosenbusch, 1996). The crystal structure has now been 
published (Pebay-Peyroula et al., 1997). Recently, data 
analysis of the intensity distribution have shown that 
bR crystals suffer from hemihedral twinning. After 
processing several data sets from different crystals 
(some of them considerably larger than the first crys-
tals) it appears that the smallest crystals have a lower 
twinning ratio and a lower mosaicity (Pebay-Peyroula, 
E. and Belrhali, H. personnel communication). The 
1013 microfocus beamline thus offers the optimal con-
ditions for further structural studies on the bR photo-
cycle since the best quality crystals are microcrystals. 

A potentially very important application of microcrys-
tal diffraction is to needle-like crystals which are possi-
bly very long but only approximately 10 microns thick. 
Such a crystal can be progressively translated in the 
microbeam to successively expose lOxlO micron sec-
tions to optimise the signal to noise ratio. Successful 
measurements of this kind have been made on crystals 
of a G-actin:gelsolin (54-56) complex (Ojinovic, K., 
Wa i, M. and Saraste, M., EMBL Heidelberg) and a,-
hydroxysteroid dehydrogenase (Lewis, RJ, Hewitt, L., 
Wittingham, J. and Johnson, K., York University). 

Another application is to select microvolumes of larger 
crystals which are better ordered than the macrocrys-
tal. This could be particularly important in the case of 
systematically twinned crystals or those with an 
apparent high mosaicity. An example is crystals of an 
HIV-l p24-Fab complex which are thin plates, almost 
invariably twinned. One of only two existing datasets 
was collected using the microbeam of 1013 and per-
mitted the structure to be determined (Berthet-
Colominas, c., Monaco,S., Novelli, A., Mallet, F. and 
Cusack,S., EMBL Grenoble). Another example is a 
crystal of plasma membrane H+-ATPase from N. crassa 
which was tested using the microbeam of 1013 (30x30 
mm) as well as the larger beam (150x150 mm) of 102 
(Keitel, T., Scarborough, G.A. and Madden, O.R, MPI 
Frankfurt, personal communication). Diffraction spots 
along the three-fold axis (spacing 260 A-l) appear sig-
nificantly sharper and better resolved using the 
microbeam, suggesting that the apparent high mosaic-
ity of such crystals may be due to macroscopic lattice 
distortions. In general, a better understanding of crys-
tal morphology, twinning and quality could be gained 
by more systematic microprobe diffraction experi-
ments on protein crystals. 
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THE HAMBURG OUTSTATION 

Prof. Keith Wilson retired from his position as Head of Outstation in July 1997. He had led the Outstation for over 
ten years. It was in Hamburg where synchrotron radiation was first utilised for structural biology in the early sev-
enties. Under the leadership of Keith Wilson, the EMBL Hamburg Outstation gained world-wide recognition for 
providing synchrotron radiation in structural biology to a large user community. The first image plate scanners were 
used and the first atomic-resolution exploration in protein crystallography took place; these are regarded as hall-
marks of the Hamburg Outstation during his leadership. Keith is succeeded by Matthias Wilmanns as Head of 
Outstation and Victor Lamzin as Deputy Head. 

The protein crystallography section of the Outstation has been reorganised by establishing three research groups, 
led by Victor Lamzin, Matthias Wilmanns and Paul Tucker. Paul is gradually moving from the main laboratory in 
Heidelberg to the Hamburg Outstation. The scientific activities in protein crystallography are complemented by 
three independent Staff Scientists: Ana Gonzalez, Wojtek Rypniewski and Alex Teplyakov. These Group Leaders and 
Staff Scientists are organising the scientific user support of about 250 projects from external users on the four pro-
tein crystallography beam lines. Their research interests are wide-spread and complementary, ranging from crys-
tallographic software development, interests in synchrotron beam line instrumentation, developing MAD tech-
niques on the two tuneable beam lines, and biological interests, e.g. in signal transduction, replication of the viral 
genome and enzymology. 

The EXAFS beam line was led by Hans Nolting until October 1997. Special thanks go to Wolfram Meyer-Klaucke, 
who managed the user support of this beam line at a very difficult time. He was appointed as an EMBL Staff 
Scientist starting in April 1998. 

Excellent "wet lab" facilities are essential in state-of-the-art structural biology. Since October 1997, the wet lab has 
been led by Ingeborg Feil, who became a Staff Scientist in the group of Matthias Wilmanns. The main research areas 
of the wet lab are molecular biology, overexpression systems, protein purification and crystallisation. Many research 
projects are carried out in collaboration with other research groups from genetics, cell biology and medicine. 

The Hamburg research groups are taking advantage of the seven synchrotron beam lines in protein crystallography, 
small angle scattering and EXAFS (see Table 1). At the same time they offer these beam lines to a wide European 
user community. In 1997, 479 project proposals were submitted to EMBL Hamburg, of which 343 projects (71 %) were 
carried out. Figure 1 shows the numbers in 1997 in comparison to previous years. The geographic distribution of 
projects is shown in Figure 2, indicating the European dimension of EMBL's user community. About 85% of the 
overall available beam time was provided to external users. Their proposals were assessed by the External Priorities 
Committee, chaired by Alwyn Jones from Uppsala University. The DORIS storage ring of DESY was operated from 
March to December, with a two-months summer break. The generous support by DESY and HASYLAB is strongly 
appreciated. The EU contract from the Human Capital Mobility Access to Large Facilities Programme to the EMBL 
Hamburg and Grenoble Outstations (number CHGE-CT93-0040) was extended through 1997. 
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Table 1 

The EMBL Hamburg beamlines: 

Name Field of research 

Fan "0", bendi]1g magnet 

X31 
EXAFS 

X33 

Protein crystallography 
X-ray absorption spec. 

Noncrystalline systems 

Fan "K", wiggler 

BW7A 
BW7B 

Protein crystallography 
Protein crystallography 

Fan "L", bending magnet 

X11 

X13 

Protein crystallography 

Muscle and Lipids 

Wavelength [A] 

tuneable 
tuneable 

1.5 

tuneable 
0.88 

0.90 

1.5 

Detector 

MAR (180 mm) 
13 element Ge 

Position sensitive 
gas detector 

MAR (300 mm) 
MAR (345 mm) 

MAR (300 mm) 

Position sensitive 
gas detector 

A future profile of the Hamburg Outstation is emerging. The Outstation supports about 350 external projects annu-
ally with a very limited number of staff and consumables/investment budget. Under these conditions it is impos-
sible to upgrade all the beam lines with up-to-date equipment. At the same time, an excellent scientific environment 
at the Outstation is essential to attract the most gifted scientists, who in turn are needed for the highest standards 
of scientific user support. The Outstation dearly will become more accessible for external resources either from 
industrial groups, academic groups or user communities. The big theme of our local partner, DESY, is the plan for 
a linear collider with an integrated Free Electron Laser (FEL), the TESLA-project. EMBL could-and should-play 
a significant role in identifying biological applications for the planned FEL. 

Figure 1 
500 

400 

£ t 300 

't; 
j 
e 
i 

244 

Number of projects 1994-97 

• Proeds (PX). submitted CI Pro cis (PX). carried out 
Il!II Pro eds all. submilled o Pro eels lallt carried OUI 

1994 1995 1996 1997 



--- ---"-"-"--""-- -------"-----""------- The Hamburg Outstation 

Figure 2 1997 SR beam proposals submitted by country 

2 Finland 
43 Sweden 

5 Norway ___ 

16 Denmark 
123 Germany 

21 Netherlands 
19 Belgium 

80 UK 
1 Ireland 

26 France 

10 EMBL-HD 
11 Austria 

10 Spain 

9 Greece 

1 Israel 
7 Russia 

7 
3 Slovakia 
1 Hungary 
3 Bulgaria 

1 Canada 

4 Australia 
1 Japan 
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Instrumentation Group 

Group Leader: C. Hermes 

Staff Scientist: RG. van Silfhout 

Assistants: T. Gehrmann, M. Hahn*, R Klaring, v. Renkwitz, B. Robrahn 

To satisfy the enormously increased demand for beam 
time, particularly for projects in Protein Crystallo-
graphy (PX), our efforts concerning technical develop-
ments as well as building new apparatus concentrated 
on increasing the effective use of Synchrotron Radia-
tion (SR) on our existing beamlines even further. This 
could be accomplished by improvements in optical 
components and faster and more efficient detector sys-
tems. Some of these modifications will be described in 
the following. 

By far the most significant change took place on wig-
gler beamline BW7B, where a 7-fold increase in inten-
sity at the sample was achieved through a new design 
of the horizontally focusing monochromators. (See 
Figure 1). An improved cooling scheme of the triangu-
lar monochromator with cooling channels drilled 
directly into the Si-crystal, as well as an optimised 
geometry of these channels in combination with a 
state-of-the-art bending mechanism are responsible for 
this dramatic boost in intensity. By varying the cooling 
water pressure it is now possible to almost totally elim-
inate the so-called 'thermal bump'. If not compensated, 
the result of this thermally-induced deformation-
which generally affects the first optical elements on 
high intensity Synchrotron sources-is a deterioration 
of intensity and focus quality. At the same time we 
were able to install the first of the new fast marresearch 
image plate scanners on BW7B. The increased diameter 
(345 mm) and in particular the drastically reduced 
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readout time account for a more effective use of the 
much higher photon flux now available at this line. 

On beamlines Xll (PX) and X13 (non-crystalline sys-
tems), where the optical components are exposed to a 
far lower thermal load (the radiation source is a bend-
ing magnet), modifications of the monochromator 
cooling nevertheless gave rise to higher intensity, a bet-
ter defined focal spot and significantly improved long-
term stability. 

Stations X31 and BW7 A, where mainly experiments are 
performed which utilise the effect of anomalous dis-
persion in the vicinity of absorption edges (MAD), 
were heavily used, and there is an increasing demand 
for performing this type of measurements. A general 
overhaul of the monochromator system as well as an 
adjustment of key components (slits, X-ray mirrors) led 
to a significantly increased intensity on X31. 
Unfortunately, on BW7 A we still have to live with a 
non-focusing double monochromator system. After 
extensive tests the reflection properties of the Si-crystal 
which was supposed to do the focusing turned out to 
be totally inappropriate. Very successful tests per-
formed in December 1997 with a monochromator pro-
duced in house, however, make us feel confident that 
we can offer the community a double focusing MAD 
wiggler beamline some time in 1998. Since the neces-
sary hardware (fluorescence detector) and software 
have already been installed and tested, this should 



The Hamburg Outstation 

Figure 1 

The new horizontally focusing Si-monochromator of beam line BW7 A. The metal block which holds the monochro-
mator serves as manifold for the cooling water channels which are drilled into the Si and located approx. 0.5 mm 
underneath the crystal surface. The bending mechanism can be seen on the right side. 

then transform BW7 A into a very powerful beamline 
for MAD data collection. 

The remodeling of the vacuum system on the wiggler 
beamlines represented a further investment which will 
certainly be repaid in the future. Frequent failures of 
the original turbomolecular pumps and the associated 
down times and repair costs suggested a replacement 
by iongetter pumps, which are virtually maintenance-
free. At the same time, additional beamline compo-
nents (vacuum seals, feed-throughs etc.) were changed 
to UHV standards, thereby improving the pressure by 
an order of magnitude. 
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N on-crystalline systems 

Group Leader: M.H.J. Koch 

Scientists: D. Svergun, Z. Sayers 

Postdoctoral fellows: G.-Barone*, M. Kozin*, V. Volkov*, M. Malfois* 

Predoctoral fellow: A. Petrascu 

Short-term visitors: R. Abele, A. Alarcon-Baquero, I. Aldag, K. Brandenburg, K. Brown, H. Bunjes, S. Carlier, 
C. Czeslik, A. Dietrich, P. Damman, M. Dosiere, G. Dreezen, A. Economou, E. Fiedler, L. Gerritsen, G. Grueber, 
G. Hammer, A. Harper, C. Harrats, C. R. Kleppinger, S. Koenig, M. Killenberg-Jabs, C. Lefevre, 
D. Madden, N. Mischenko, J. Nagy, K. Nielsen, J. Oderkerk, O. Orun, S. Panzavolte, M. Perez-Mendez, W. Pohle, 
S. Puri, G. Robillard, T. Sabu, W. Sager, M. Sarkissova, B. Schmidt, E. Schoenbrunn, C. Selle, B. Shilton, T. Sieck, 
M. Spinger, K. Stahl, K. Tittmann, T. Unruh, S. Vanlierde, E. van Swieten 

Data acquisition systems 

Parallel readout of delay line detectors (with C. de 
Raad Iseli, F. Krummenacher, Smart Silicon Systems, 
Lausanne; H. Mio, P. Laggner, Institut f. Biophysik & 
Rontgenstrukturforschung, (jAW Graz and A. Gabriel, 
Grenoble Outstation). 

The prototype of the data acquisition system based on 
the ASIC (application specific integrated circuit) 
described in the previous report was tested with syn-
chrotron radiation with different bunch modes. As 
illustrated in Figure 1, the performances of the system, 
which are described in detail in a forthcoming publica-
tion, are excellent, and simple solutions have been 
found to connect the ASICs in series or in parallel with-
out any dead zones. 

3 Log (N) 

o 

o 
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The standard data acquisition programs were 
enhanced to deal with various combinations of detec-
tors and with parallel readout detectors. The develop-
ment of a new data evaluation program was started 
with F. Golding (Lancaster). 

Data analysis methods 
(with V. Volkov, P. Konarev and M. Kozin, Moscow) 

The program CRYSON, a modification and extension 
of CRYSOL [1], was written to evaluate neutron scat-
tering from atomic models of biopolymers taking HID 
exchange in solutions containing different H 20 1020 
concentrations into account. The calculated curve can 
be smeared according to the experimental conditions 
and the uncertainty in the subtraction of the incoherent 
background is taken into account. 

The three-dimensional graphics package ASSA was 
coupled with the program ALM22INT, written to rap-
idly evaluate the scattering intensity of arbitrarily posi-
tioned domains with known structure using the multi-
pole expansion method [2]. The scattering amplitudes 
of the two objects specified by the user, which can be 
low resolution models represented by spherical har-
monics andlor atomic models in the Protein Data Bank 
format, should be precomputed (e.g. by CRYSOL) and 
stored as data files. After manipulations with the two 

Figure 1 

Diffraction pattern of collagen (orders 2-12) recorded with 
the standard time to digital convertor (TDC) and with the 
prototype acquisition system based on the ASIC implement-
ing time-space conversion (TSC). TSC is more efficient at 
higher count rates. 
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bodies, the scattering intensity of the complex is calcu-
lated and the current fit to the experimental data is 
plotted in a separate window. As illustrated in Figure 
2, this interactive package thus permits the use of visu-
al criteria (e.g. interparticle contacts, position of rota-
tion axes) in rigid body refinement. On a SUN 
SPARC20 ZX workstation, evaluation of a single fit to 
the experimental data takes about one second. 

A general method was developed to model small-angle 
scattering data from disperse systems in terms of mix-
tures of different phases represented by geometrical 
bodies (e.g. spheres and spherical shells, cylinders, 
disks, prisms, etc.). The algorithm employs a non-lin-
ear minimization procedure to fit the experimental 
curves by weighted sums of scattering from different 
phases including possible polydispersity inside each 
phase. The weight fractions of phases, the size of parti-
cles in each phase and their polydispersity can be 
determined. The method is aimed at determining the 
composition of complex systems, which is one of the 
main practical applications of small-angle scattering to 
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L 

Figure 2 

various biological, polymer and inorganic systems. 
A simple probability expression was derived to dis-
criminate the intermolecular vectors in the cross rota-
tion function widely used to orient search molecules in 
t.he crystal unit cell. The new radial weighting function 
takes into account both particle anisometry and crystal 
packing and can easily be incorporated into existing 
molecular replacement packages. 

Protein hydration in solution: experimental 
observation by X-ray and neutron scattering 
(with S. Kuprin, Stockholm, S. Richard and G. Zaccai, 
Grenoble) 

The structure of the protein-solvent interface is a sub-
ject of controversy in theoretical studies and requires 
direct experimental characterisation [3]. Analysis of the 
X-ray solution scattering data from several proteins 
with known atomic structure using the program 
CRYSOL [1] indicated that the agreement between the 
experimental and calculated curves can be significant-
ly improved by surrounding the protein with a layer of 

0.02 0.04 0.06 0.03 0.10 0.12 0.14 

Modelling of the E. coli F1 ATP synthase. Semi-transparent envelope: low resolution model determined ab initio from the scat-
tering data (the threefold axis coincides with Y). The atomic structures of the domains positioned interactively using ASSA are 
displayed as C traces and the two-dimensional plot in the bottom right corner presents the current fit (smooth curve) to the 
experimental data. 
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higher scattering density than that of the bulk. This 
apparent swelling could be caused either by a hydra-
tion shell denser than the bulk solvent or by higher 
mobility of the surface side chains in solution com-
pared to their average structure in the crystal. To 
resolve this ambiguity, neutron scattering was used for 
which the two phenomena would produce different 
changes in the scattering curves. Three proteins with 
known atomic resolution crystal structure (lysozyme, 
E. coli thioredoxin reductase, protein R1 of E. coli 
ribonucleotide reductase) were investigated in parallel 
by X-ray and neutron scattering in H 20 and 0 20 solu-
tions. The neutron experiments were performed on the 
022 diffractometer at the ILL, Grenoble. For neutron 
scattering in H20, where the scattering length density 
of the solvent is nearly zero, only minor changes were 
observed in the scattering patterns as compared to 
those predicted from the crystal structures. In 0 20, 
where protein has negative contrast relative to the sol-
vent, experimental data corresponded to apparently 
shrunken particles. These effects are compatible with 
the hypothesis of a denser hydration shell and cannot 
be accounted for by higher mobility of the side chains. 
The experimental neutron scattering data were fitted 
using the program CRYSON (see section "Data analy-
sis methods") and the numerical results point to the 
existence of a first hydration shell with an average 
density approximately 10% larger than that of the bulk 
solvent. Comparison with the results of other studies 
[4] suggest that this may be a general property of aque-
ous interfaces. 

Purification and structural studies of yeast 
Cu -metallothionein 
(with P. Zielenkiewicz, Warsaw) 

The results of solution scattering indicating that the 
structure is extended are in good agreement with those 
of theoretical predictions obtained by threading using 
erythroid transcription factor as a template. This pro-
ject will be terminated in 1998 when Z. Sayers will join 
the new Saban<;e University in Istanbul and a final 
publication is in preparation. The pET3a-MT con-
structed in the frame of this project was recently used 
by Chen and Wilson (Ithaca) to engineer E. coli for 
bioremediation of mercury contaminated environ-
ments [5]. 

Effect of methyltin (IV) compounds on DNA 
condensation 
(with G. Barone, Palermo) 

The interactions of these compounds, which have 
potential applications as antitumoral agents, with 
DNA was studied by X-ray solution scattering and sev-
eral other techniques. The first results suggest that the 
interactions, and in particular the formation of gel 
phases, are due to hydrolysis products. 
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As in previous years, the facilities have been used in a 
larger number of collaborations investigating the struc-
ture, conformational changes or equilibria of proteins 
in solution than can meaningfully be described in this 
report. The two projects described below illustrate the 
type of questions that can be addressed and the results 
that can be obtained. Other projects included those on 
SecA ATPase (B. Shilton and A. Economou, Iraklio), 
chorismate synthase (E. Schoenbrunn, P. Macheroux 
and N. Amrhein, Zurich), glutamate receptor (D. 
Madden & R. Abele, Heidelberg), sigma-N transcrip-
tion factor (A. Harper, York, and M. Buck, London), 
iron binding protein (B. Shilton, Iraklio), UDP-N-
acetylglucosamine enolpyruvyltranferase (MurA) (E. 
Schoenbrunn and N. Amrhein, Zurich), catalase-perox-
idase from Mycobacterium tuberculosis (J.M. Nagy & 
KA. Brown, London), 5-enol-pyruvylshikimate 3-
phosphate synthase, EPSPS (K Brown, London) and 
J.R. Coggins, Glasgow), wheat gluten high molecular 
weight protein (E. van Swieten and G.T. Robillard, 
Groningen). 

X-ray solution scattering of the subunit 
association behaviour of thiamine 
diphosphate (TDP) dependent pyruvate 
decarboxylase (PDC) from different 
organisms 
(with S. Koenig, Halle-Wittenberg, L. Feigin and 
V. Volkov, Moscow) 

Low resolution models of the quaternary structure of 
PDCs from different organisms were calculated ab ini-
tio from their solution scattering patterns. Yeast and 
Zymomonas mobilis PDCs are dimers of dimers whereas 
that of germinating pea seeds is an octamer consisting 
of two tetramers arranged side by side. The enzyme 
from Z. mobilis is more compact than that of yeast as is 
also reflected in the high stability of this tetramer even 
at extremely alkaline pH. The dependence of the sub-
unit association on pH, TOP and magnesium concen-
tration was also investigated. A detailed report is in 
press. 

A low resolution model of Escherichia coli Fl 
ATPase 
(I. Aldag, K Altendorf, T. Sieck, G. Grueber, Osna-
bruck, M. Kozin, Moscow) 

The shape of this complex, which contains five differ-
ent subunits in the stoichiometry was deter-
mined ab initio from the scattering data at 3 nm resolu-
tion, which allowed unequivocal identification of the 
volume occupied by the subassembly and further 
positioning of the known atomic models of the smaller 
subunits. The 8 subunit was positioned near the bot-
tom of the hexamer in a location consistent with 
crosslinking data. The position and orientation of the 
subunit were found by interactively fitting the solution 



scattering data to maintain connection of the two helix 
hairpin with the complex and binding of the 
sandwich domain to the ysubunit. The resulting model 
is shown in Figure 2. The effect of temperature on the 
structure was also investigated. 

Structural studies on lower vertebrate 
collagen 
(A. Bigi, N. Roveri and A. S. Panzavolte, Bologna) 

In contrast to higher vertebrate type I collagen, that of 
bony fishes has a third ex chain. Investigations on dif-
ferent types of tissue subjected to several treatments 
have led to the conclusion that although the inorganic 
phase is deposited on collagen fibrils which have a 
slightly different structure than those of higher verte-
brates, the relationship between the apatitic crystals 
and the collagen fibrils is very similar. The scales of 
teleost fishes, which grow and are mineralized contin-
uously through life, were also studied to obtain more 
information about supramolecular structures of colla-
gen that have been described as twisted or orthogonal 
plywood arrangements. The data are being analyzed to 
determine the influence of these structures on the dep-
osition of needle-like or flaky crystals of hydroxylap-
atite beside those found in the gap zone. 

Deterioration of parchment 
(with K Stahl and K Nielsen, Lyngby) 

The conservation of parchments, which contain much 
of the early European cultural heritage and are 
presently deteriorating at an accelerated pace partly 
due to air pollution, will be a major conservation chal-
lenge in the next few years. Data collected on samples 
of new and historical parchment suggest that the dif-
fraction pattern of collagen can be used to monitor the 
degree of deterioration of the parchment. 

Endotoxin polymorphism and interactions 
(with K Brandenburg, A. Schromm, U. Seydel, 
Borstel, W. Richter and H.W. Meyer, Jena, 
H. Loppnow, Halle) 

This heading groups several projects targeting separate 
aspects of the structure and properties of lipopolysac-
charide (LPS). A combined X-ray diffraction and freeze 
fracture electron microscopy study of the cubic and 
inverted hexagonal structures of lipid A was started. 
Hitherto, the cubic phases, which are very sensitive to 
hydration conditions, could not yet be observed by 
electron microscopy. A wide angle diffraction study of 
LPS and lipid A confirmed the view that these mole-
cules have a lower state of order in the gel phase than 
saturated phospholipids and this seems to have an 
importance for the interaction of endotoxins with their 
target structures. Endotoxins bind to a variety of mole-
cules, such as lysozyme. In studies of this binding, 
which has also been reported to inhibit the enzymatic 
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activiy of lysozyme and to suppress LPS-induced 
cytokine production, it was found that lysozyme bind-
ing converts the characteristic cubic structures of LPS 
into a purely multilamellar phase. Finally, a study of 
the influence of charge on the physicochemical proper-
ties and biological activity using a series of modified 
endotoxins indicated that LPS/lipid A molecules with 
a conical shape are biologically much more active than 
those with a cylindrical shape. 

Other projects on lipids covered the structural poly-
morphism of stearyl monosaccharides (u. Seydel, M. 
Muenstermann, K Brandenburg, Borstel, and V. Vill, 
Hamburg), the lyotropic phase behaviour of mixed 
chain phospholipids (w. Pohle and C. Selle, Jena), the 
influence of surfactants on the stability of suspensions 
of lipid nanoparticles (H. Bunjes and K Westesen, 
Jena) and phase transitions in liquid crystal polymer 
coated liposomes (M. Perez-Mendez and A. Alarcon-
Baquero, Madrid). 

Further details about ongoing projects as well as about 
some projects on micro emulsions (W. Sager et ai., 
Leiden) and synthetic polymers can be found in nearly 
thirty separate contributions of users to the 1997 
HASYLAB Annual Report. Several publications report-
ing the results of these projects (David et ai., Brussels; 
Dm:iere et ai., Mons; Reynaers et ai., Leuven) have 
appeared during the year or are in press. These projects 
provide one of the rare examples of a spin-off of sys-
tems developed for research on biological systems to 
materials science. 
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All macromolecular recognition and enzymatic 
processes are based on chemical principles involving 
valence electrons of interacting atoms or functional 
groups. Knowledge of their detailed electronic struc-
ture is essential for a deeper understanding of the 
chemical reactions underlying biological processes. 
The elucidation of crystal structures of proteins at 
atomic resolution 0.2 A or higher) is maturing and bio-
logically important results are just starting to emerge. 
The great advantage of atomic resolution lies in the 
high degree of accuracy of the model and low noise 
level in experimental density maps. This allows the 
modeling of features normally not identifiable in 
macromolecular structures. The majority of hydrogen 
atoms can directly be identified. This is crucial in areas 
of biological interest: active site residues or bound lig-
ands. 

Clearly the first surge of 3-D structural information 
even from a medium resolution analysis presents a 
major breakthrough in rationalising many of the prop-
erties of a protein. Due to limitations of crystal quality 
many analyses will remain limited to such resolution 
and this severely restricts the biological questions 
which can be answered. The atomic resolution struc-
tures appearing in the literature mainly relate to 
demonstration projects on native proteins. The next 
problems to be addressed relate to protein function 
and require structures of complexes. This would also 
be of importance in the development of modeling tech-
niques. There will soon be a sufficiently large database 
of atomic resolution protein structures to construct a 
protein-based library of stereochemical parameters. 
The next goal will be to develop tools for analysis of 
different protonation states and temperature depend-
ence. 

A major time-consuming and critical step in protein 
crystallography is the building of a molecular model in 

the initial electron density. Decisions about connectivi-
ty of the polypeptide chain and matching of the known 
amino acid sequence to the electron density (chain trac-
ing) are made at this stage. Although automatic 
approaches are being developed for this purpose, 
human intervention is still required as a decisive step. 
An ongoing development of methods in crystallogra-
phy has been an automated refinement procedure 
(ARP) for proteins. It is based on updating of the 
model by the addition or removal of selected parts of 
the model, similar to the refinement of small molecule 
structures. ARP leads directly to a quality of map 
and/ or model reflecting optimum use of the data and 
starting phases before entering the dark area of the 
graphics room. 

The major activities of the group are focused on these 
areas. 

S. Iividans endoglucanase Ce1B2 
(With C. Dupont, Quebec, K.S. Wilson and G. Davies, 
York) 

The structural polysaccharides cellulose and hemicel-
lulose together account for more than 50% of plant bio-
mass and are therefore the most abundant organic mol-
ecules on earth. They provide the major nutrient source I 
for ruminants and are potential raw-materials for 
many industrial processes. The recycling of cellulolytic 
materials is of great ecological and industrial impor-
tance. In nature, the degradation of cellulose is provid-
ed by a number of cellulases, which are found in a vari-
ety of fungal and bacterial species. 

Endoglucanase CelB from Streptomyces lividans, a mem-
ber of glycosyl hydrolase family 12, hydrolyses the 13-
l,4-glycosidic bonds of cellulose, with net retention of 
the anomeric configuration. The crystal structure of 
CelB2, a truncated but catalytically competent form of 
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CelB, lacking the flexible linker and cellulose binding 
domain, has been solved by conventional isomorphous 
replacement methods and refined to an R-factor of 
18.7% at 1.75 A resolution. 

The catalytic domain CelB2 exhibits the classic "jelly-
roll" topology found in the legume plant lectins, and 
has also been found for members of some other glyco-
syl hydrolases families. In particular, the resemblance 
of the overall fold of CelB2 to that found in family 11 
xylanases is remarkable. Two strictly antiparallel 13-
sheets are packed against each other in a parallel sand-
wich-like manner. Both sheets are curved and give rise 
to a long open cleft on one side of the protein, as 
expected for an enzyme with endo-catalytic activity. 
The active site cleft of CelB2 is large enough to poten-
tially accommodate up to five sugar binding subsites, 
occupying sub sites -3 to +2, with cleavage taking place, 
by definition, between subsites -1 and +1. The sub-
strate-binding cleft is lined with a number of aromatic 
residues which may bind the hydrophobic faces of the 
pyranoside rings. The catalytic nucleophile and 
acid/base residues Glu 120 and Glu 203 are located 
approximately 7.0 A from each other. 

We have carried out a structural comparison between 
CeIB2 and Bacillus pumilus xylanase, a member of gly-
cosyl hydrolase family 11. The protein core is extreme-
ly similar in the two enzymes, whereas there were sig-
nificant differences in the surface-loop regions. The 
similarity between family 12 cellulases and family 11 
xylanases exists even at the level of the catalytic 
machinery, which is completely invariant between the 
two enzyme families. The main difference in the natu-
ral substrates for the two families, cellulose and xylan, 
is at the pyranose C5 position, where the xylose units 
lack the exo-cyclic hydroxy-methyl function. In CelB2, 
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a hydrophilic pocket, able to accommodate the exo-
cyclic substituent of glucose, opens at the -1 sub site, 
whereas in xylanase the equivalent position is locked 
by an invariant valine. Subtle differences in the 
-hydrophobic nature of the -1 subsite suggest the likely 
determinant of substrate specificity in the two enzyme 
families. 

Ultra high resolution studies on 
endoglucanase CelA 
(with D.M.A. Guerin and P.M. Alzari, Paris) 

Clostridium thermocellum is a gram-positive, anaerobic 
and thermophilic bacterium which degrades crys-
talline cellulose with high efficiency. The cellulase sys-
tem of C. thermocellum is characterised by the associa-
tion of numerous different hydrolytic and non-
hydrolytic components which form an exocellular, 
high molecular weight organelle termed cellulosome. 
Crystallographic studies of different cellulosomal sub-
units are being carried out with the goal of under-
standing the enzymatic mechanisms or cellulose 
degradation and the structural principles of macromol-
ecular assembly. 

Endoglucanase CelA (40 kDa) belongs to family 8 gly-
cosidases. The catalytic domain of CelA has been crys-
tallised in the space group P212121 with cell parameters 
a=50.l, b=63.5, c=104.9 A. The structure folds into an 
(a/ a)6 barrel with a long acidic groove that can accom-
modate six D-glucosyl residues. Diffraction data for an 
inactive mutant complexed with cellopentaose were 
collected at the EMBL beamline BW7B to 0.94 A. Data 
for a mercury derivative were collected to somewhat 
higher resolution, 0.86 A. In addition, a complete MAD 
data set to 1.0 A resolution has also been collected for 
this derivative at the EMBL beamline BW7 A. 

CelA provides an ideal model system not only for the 
detailed structural study of protein hydration and 
enzymatic processes (protein-carbohydrate interac-
tions, conformational changes during the formation of 
the enzyme-substrate complex), but also for carrying 
out high resolution methodological studies on phase 
determination and phasing power. These studies are 
currently underway. 

Figure 1 

Stacking interactions of the D-glucosyl residue bound at sub-
site -2 with Trp 132 of endoglucanase CelA. 2FoFc map cal-
culated for all data between 10 and 0.94 A resolution, model 
refilled to an R-factor of 9% 



Protonation state of the Bacillus pumilus 
xylanase active site residues 
(with Z. Dauter, Brookhaven, T. Halkier, Copenhagen, 
H. Bisgard-Frantzen & K.S. Wilson, York) 

It has now been a decade since xylanases and other 
glycosyl hydrolases which digest the plant cell wall 
started to attract interest because of their potential 
applications in biotechnology. Although in recent years 
3-D structures of proteins from different cellulase/ 
xylanase families have become available and many 
new features of structure-function relationship have 
emerged, there are still many unanswered questions 
regarding glycosyl hydrolase function and catalytic 
mechanism. 

The low molecular weight xylanase from Bacillus 
pumilus DSM strain 6124, which catalyses random 
cleavage of the xylan backbone via a double displace-
ment mechanism, is a monomer of 200 residues and 
belongs to family 11 of The 
structure of the native enzyme and a complex with 
xylobiose, the major product, have been already solved 
to 1.5 A resolution. The enzyme folds into anti-parallel 

resembling an open hand with a small 
forming the thumb and overlooking the deep long 
active-site cleft running across the surface. The two cat-
alytic residues, Glu 93 and Glu 182, are located at the 
bottom of the cleft and are separated by approximate-
ly 6.4 A. Such a distance is significantly longer than the 
5.5 A normally encountered in retaining enzymes, and 
it is most likely that a conformational change occurs 
upon substrate binding to place the glutamates in the 
correct position for concomitant protonation of the 
leaving group and nucleophilic attack at the anomeric 
carbon. 

B. pumilus xylanase is active in the pH range 5.0 to 9.5, 
with maximum activity at pH 7.5. A double displace-
ment mechanism requires that one of the catalytic 
residues functions as a general base and is therefore 
present in the non-protonated form. The crystal grown 
at pH 5.0 was stabilised in a solution at pH 7.0 and 
flash-frozen, and data were collected on the EMBL X11 
beam line to 1.1 A resolution. The model is being 
refined and the current R-factor is 13%. 

Preliminary analysis seems to indicate that at pH 7.0 
the acid/base Glu 93 is protonated, whereas the nucle-
ophile Glu 182 is not, as deduced from the differences 
in bonding distances of the relative carboxylate func-
tions. In the general base Glu 182 the CD-OEl/OE2 
distances are essentially the same, as it is expected for 
a non-protonated carboxylate function, whereas in Glu 
93 they differ by at least 0.02 A, suggesting that one of 
the oxygens carries a hydrogen. 
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Figure 2 

Leghaemoglobin active site (complex with acetate). Electron 
density is contoured at 3cr level. The acetate molecule and the 
proximal His 104 are located on the opposite sides of the 
haem Fe atom. 

Atomic resolution studies of ferric complexes 
of leghaemoglobin 
(with T.N. Safonova and E.H. Harutyunyan, Moscow) 

Myoglobins and haemoglobins are haem-containing 
proteins which bind molecular oxygen. Their function 
is associated with the environment and requirements 
of organisms. Kinetic parameters of these proteins and 
their affinity to oxygen vary over a wide range for var-
ious organisms. This is caused by about 5 kcallmol 
change in the free energy of binding of molecular oxy-
gen to the iron atom of the haem. Stereochemistry of 
the myoglobin and haemoglobin active centres as well 
as the electronic structure of the haem Fe atom and its I 
spin (1/2,3/2, or 5/2) also vary for different ligands 
bound to the active site". X-ray diffraction studies to 
atomic resolution, from which the atomic positions can 
be derived with an accuracy of about 0.02 A, can pro-
vide further understanding of the structure-functional 
relationship of these proteins. Leghaemoglobins, mem-
bers of the haemoglobin family which were found in 
nitrogen-fixing root nodules of legume plants, serve 
two major functions. They provide molecular oxygen 
and produce the anaerobic environment maintaining a 
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low partial pressure of oxygen. The X-ray crystal struc-
tures of a number of ferric (Fe3+) and ferrous (Fe2+) 
complexes with various ligands have been solved and 
refined to the resolution of about 1.7 A. However the 
level of analysis of these structures was severely limit-
ed by the resolution of the data and therefore accuracy 
of atomic positions. The latter were of an order of 0.2 A. 

Atomic resolution X-ray data for the low-spin complex 
of leghaemoglobin witK cyanide (to 1.4 A resolution), 
the high-spin complex with fluoride 0.2 A) and the 
3/2-spin complex with acetate (1.15 A) were collected 
on the XII EMBL beam line. The structures were 
refined to R factors of 12.5, 10.8 and 9.6%, respectively, 
with restrained atomic anisotropic displacement 
parameters. The differences between the models of 
active and inactive complexes are substantially smaller 
than those deduced from previous structures at lower 
resolution. This is in fact the most important conclu-
sion. Models of an unprecedented accuracy are 
required to understand the machinery of the protein 
action. 

The haem molecule in the active site is clearly non pla-
nar. It has a ruffled structure with the pyrrole rings 
rotated around the N-N lines. The largest distortions 
were observed in the low-spin cyanide complex where 
the average angle of rotation of the pyrrole rings with 
respect to the mean plane of the haem is 9.4°. In the 
acetate and fluoride complexes the rotation is about 8°. 
The Fe-N distances differ for low and high spin com-
plexes. In addition, the Fe atom itself is located out of 
the mean haem plane. In the complexes with cyanide 
and fluoride, the Fe atom is shifted towards the func-
tional ligand by about 0.04 A, while in the complex 
with acetate it is moved in an opposite direction, 
towards the proximal histidine by 0.05 A. The detailed 
analysis and comparison of the atomic resolution 
structures of the leghaemoglobin complexes are now in 
progress. 

Stereospecificity of a-chymotrypsin 
(with B. Galunsky, V. Kasche, Hamburg and 
K. Wilson, York) 

Enzymes are, in general, stereoselective: they possess 
an active site able to distinguish between mirror-image 
substrates and bind and/or· process one enantiomer 
much better than the other. a-Chymotrypsin and other 
enzymes of the serine proteinase family are selective 
towards L-polypeptides. It has recently been found 
that their stereoselectivity can be modulated by chang-
ing the temperature or the solvent hydrophobicity. In 
particular, it has been hypothesised that for some sub-
strates there can be an inversion of stereospecificity at 
selected temperatures. To address these questions a 
comparative crystallographic study of a-chymotrypsin 
complexes is being carried out. 

256 

X-ray data were collected at cryogenic temperature 
(100 K) for the crystals of native a-chymotrypsin. The 
diffraction extends up to 1.3 A resolution, a consider-
able improvement compared to 1.67 A, the highest res-
olution reported in the past. The structure has been 
solved using molecular replacement. 

The crystals have first been tested for the accessibility 
of the active site to PMSF, containing a bulky aromatic 
group. This inhibitor forms a specific covalent bond to 
the oxygen of the catalytic serine. Diffraction data were 
collected to 2.2 A resolution. Already after a few cycles 
of refinement the cr A weighted density maps showed 
clear density for the inhibitor. Whether non-covalent 
complexes with aromatic substrates could be obtained 
was investigated next. Crystals were soaked in a solu-
tion of N-formyl-L-Phe and diffraction data collected 
to 2.0 A resolution. A substrate with a slightly longer, 
acetyl N-terminal protection group was then tried and 
data were collected to 1.64 A resolution. For both com-
plexes, electron density in the active site clearly indi-
cated the binding and location of the substrates though 
they were probably only partially occupied. This con-
firms that in this crystal form the active site can also 
bind substrates with lower affinity than PMSF. The 
results obtained provide deeper understanding of the 
fine details of the mode of binding of stereospecific 
substrates to the a-chymotrypsin active site. 

Protein crystal growth in micro gravity 
(with L. Esposito, F. Sica, G. Sorrentina, L. Carotenuta, 
A. Giordano, c.A. Raia, M. Rossi, A. Zagari, Naples, 
and K.S. Wilson, York) 

Alcohol dehydrogenase, ADH, is an enzyme that 
occurs in large amounts in the liver of mammals, 
where it plays an important role in various physiolog-
ical functions including the breakdown of ethanol. 
Mammalian ADH is unstable at high temperatures or 
in the presence of organic solvents. These properties 
severely limit its biotechnological applications. On the 
other hand, ADH from Sulfolobus solfataricus (SsADH), 
an archae on that thrives at about 90°C, has greater 
thermal stability and greater resistance to denaturing 
agents. This makes SsADH attractive for industrial and 
biotechnological applications. Deeper knowledge of 
the three-dimensional structure of this enzyme may 
define some factors responsible for its stability. As a 
result, protein engineering and site directed mutagen-
esis experiments could be planned to produce the 
enzyme with altered and optimal properties. 

As a part of our ongoing research on protein crystalli-
sation in microgravity, we performed an experiment 
during the US Space Shuttle Mission LMS in June-July 
1996. The purpose was to obtain good-quality crystals 
of SsADH and to study the influence of microgravity 
on crystal twinning. The experimental apparatus used 



aboard the Shuttle was the Advanced Protein 
Crystallisation Facility, which was provided to us by 
the European Space Agency. Large crystals (0.5-1.0 
mm) of SsADH were grown in micro gravity. Post-
flight analysis was carried out using synchrotron radi-
ation on the EMBL Xll beam line XII. 

Microgravity-crystals of SsADH were twinned as those 
grown on Earth. In terms of size, the SsADH are larger 
than but still comparable to the best ground-control 
crystals. This concurs with several but not all cases 
cited in the literature. SsADH micro gravity-grown 
crystals provided diffraction data to significantly high-
er resolution, indicating a reduced disorder. Finally, the 
microgravity-grown crystals displayed increased sta-
bility to X-rays. 

The steroid-active isozyme of horse liver 
alcohol dehydrogenase 
(with H.W. Adolph, Saarbrucken, P. Zwart, 
Amsterdam, and B.S. Cedergren-Zeppezauer, 
Stockholm) 

Class I, horse liver alcohol dehydrogenase (ADH) con-
sists of three major isozymes: EE, ES and SS. Overall, 
the E and S subunits differ by 10 residues out of the 374 
amino acids. Crystal structures of various complexes in 
different conformational states of the EE isozyme have 
been determined but until now no crystal structure of 
any other horse liver isozyme has been available. The 
major functional differences between the EE and SS 
isozymes concern substrate specificity. The EE isozyme 
shows a very broad spectrum covering primary and 
secondary alcohols. SS-ADH additionally catalyses the 
oxidation of steroids. Although no amino acid 
substitutions are found in the coenzyme binding cleft 
which would be directly involved in protein-
NAD+ /NADH interactions, the binding characteristics 
for each isozyme are significantly different. Some sub-
stitutions result in a different charge distribution 
around the large binding sites, which we have sug-
gested to be responsible for the kinetic differences 
between EE- and SS-ADH. A structure determination 
of the SS-dimer and a detailed comparative analysis is 
therefore essential in understanding the functional dif-
ferences between these isozymes. 

We have chosen to work with the SS-enzyme com-
plexed with NAD+ and cholic acid, which is a substrate 
analogue and competitive inhibitor. The OH-group in 
the 3 position is in the a orientation in cholic acid 
(which is different to the substrate) which is unfavor-
able for hydride transfer. It is easy to get thin, needle-
shaped crystals of SS-ADH and its complexes, but it 
proved very difficult to get crystals of dimensions suit-
able for an X-ray analysis. The crucial condition for get-
ting large enough plates for diffraction experiments of 
the ternary complex has been to use a mixture of low 
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and high molecular weight PEGs, 5 mM NAD+ and 5 
mM cholic acid, at neutral pH, although the protein is 
strongly basic. 

X-ray intensities have been collected for one crystal 
with the smallest dimension of about 0.050 mm on the 
EMBL beamline BW7B at 100 K. The crystal belongs to 
the P21 space group with cell parameters 55.03 x 73.65 
x 92.49 A, 102.6°. The data is 98% complete to a reso-
lution of 1.54 A. The structure was solved by molecu-
lar replacement using an EE-ADH structure com-
plexed with NADH as the search model. Refinement 
has been initiated. Both NAD+ and the large substrate 
analogue, cholic acid, reveal a well defined density in 
the enzyme active site. Compared to the EE-isozyme 
there is a large rearrangement of catalytic residues nec-
essary for the accommodation of the big steroid mole-
cule. 

wARP: improvement and extension of 
crystallografhic phases by weighted 
averaging 0 multiple refined dummy atomic 
models 
(with A. Perrakis, EMBL Grenoble, T.K. Sixma, 
Amsterdam, and K.5. Wilson, York) 

We have developed a method called wARP, for 
"wE'ighted ARP", which is applied to the best initial 
map after density modification procedures and sub-
stantially improves the phases. The wARP procedure is 
based on the construction of multiple free atom models 
which are then refined and updated with ARP. The 
structure factors calculated from a set of such models, 
with small differences from one another, are averaged 
and proper weights are assigned to each reflection. The 
averaging procedure effectively reduces noise and 
results in a much improved phase set. A map calculat-
ed from this phase set speeds up the model building 
process. 

To build the starting free atom model, which is done 
automatically by the program, only the molecular 
weight of the protein (and no sequence information) is 
required. Slight modifications in the model generation 
procedure are used to prepare six or more different 
models. In protein crystallography there are generally I 
insufficient X-ray data for the convergence of free atom 
refinement to a global minimum. Different starting 
models expected to result in final models contain-
ing different errors. Averaging between these models is 
then utilised to minimise the overall error. A vector 
average of the structure factors calculated from the dif-
ferent refined models is derived. Subsequently, a 
weighting scheme is applied to enhance the overall 
quality of phases. 

One example presented below concerns the structure 
of chitinase A from Serratia marcescens, which was ini-
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tially solved by multiple isomorphous replacement 
with anomalous signal (MIRAS). Only one derivative 
contributed to resolution higher than 5.0 A. The 
MIRAS map (2.5 A) was solvent flattened using the 
PHASES package. Interactive model building was not 
straightforward and a great deal of time was spent in 
tracing the protein chain. In the wARP procedure, the 
solvent flattened map was used to initiate building of 
dummy models. Each of the ARP models gave phases 
marginally worse than the phases already available by 
solvent flattening, due to the limited resolution of the 
native data. However, the wARP average procedure 
resulted in a reduction of 11.2 0 in the weighted mean 
phase error. The map correlation coefficient between 
the final map and the wARP map was 81 %, higher than 
for the solvent flattened map by 13%. Visual inspection 
of the maps showed improvement not only at the pro-
tein surface but also in the protein interior, where the 
procedure resolved a number of ambiguities in subse-
quent chain tracing. We could not identify any regions 
of the map where wARP had introduced erroneous 
features. 

Requirements for the method are reasonably high res-
olution native data (at least 2.4 A) and initial phases of 
such quality that the contrast between protein and sol-
vent is well defined and some elements of protein 
stereochemistry are recognisable. The higher the reso-
lution of the native data, the worse the initial map can 
be for the method to work. The resolution to which the 
initial phase set extends is relatively unimportant, 
since the procedure itself provides excellent phase 
extension. 

A WWW ARP /wARP home page is available at 
http://www.embl-hamburg.de. from which the complete 
ARP /wARP package can be obtained. A mirror site is 
being installed at EMBL Grenoble. A mailing list is also 
open for questions and discussion for ARP / wARP 
usage. 
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Biochemical signals are transmitted by a variety of pro-
tein-ligand interactions. The most wide-spread ligands 
are proteins, lipids and DNA. Many diseases originate 
from various forms of deregulation of protein-ligand 
interactions. The elucidation of the structural basis of 
protein:ligand complexes allows insight into the func-
tional roles of these interactions, in their affinity and 
specificity, and into their in vivo effects. Previous struc-
tural studies on ligand interactions of SH3 domains 
and PH domains (Musacchio et al., 1994; Hyvonen et 
al., 1995) contributed to the elucidation of the function 
of these modular domains in signal transduction. The 
aim of the new research group is to study protein:lig-
and complexes by exploiting the advantages of syn-
chrotron radiation, provided by the beam lines of the 
EMBL Hamburg Outstation. Further projects are on the 
structure of the serine kinase of titin and proteins of 
aromatic amino acid biosynthesis pathways from 
extremophiles. 

Structure of an engineered Abl-SH3:high 
affinity peptide complex 
(with M.T. Pisabarro and L. Serrano, EMBL 
Heidelberg) 

The Abl-SH3 domain binds the engineered decapep-
tide P41 with about 100-fold higher affinity and 1000-
fold higher specificity compared to the Fyn-SH3 
domain, using affinity data for previously-identified 
ligands as a reference (Pisabarro & Serrano, 1996). The 
structure of the Abl-SH3:P41 peptide complex was 
solved at 1.6 A resolution using data from the wiggler 
beam line BW7B of the EMBL Hamburg Outstation. 
The structure shows that the major contribution to the 
increase of binding affinity originates from additional 
hydrogen bonds between Y4 of the P41 peptide and 
two residues from the RT-Ioop of the Abl-SH3 domain. 

Residue 5 of the peptide plays the role of a hinge sepa-
rating the N-terminal "specificity" part of the peptide 
from the C-terminal proline-rich part in poly-proline 
type-II conformation. This complex structure con-
tributes to further iterations in the design of peptidic 
and non-peptidic inhibitors for SH3 domains. 

In vivo ligands of the Abl SH3 domain 
(with G. Superti-Furga, EMBL Heidelberg) 

The Abl kinase belongs to the family of Src kinases that 
are regulated by their SH2 and SH3 domains. The Abl-
SH3 domain is known to bind to a number of ligand 
proteins. The objective of this project is to explore the 
structural basis of this SH3 domain and its in vivo lig-
ands. Currently we are in the process of overexpressing 
and purifying ligand constructs of the proteins PAG, 
ABI and SIN. 

The role of the PEX-13 SH3 domain in the 
PTSI system from yeast 
(with B. Distel, Amsterdam) 

Proteins are imported into peroxisomes by the PTS sig-
naling system. The protein PEX-13 from yeast func- I 
tions as a receptor in PTS signaling. This protein con-
tains a SH3 domain that binds to two other protein lig-
ands, PEX-5 and PEX-14. The latter interaction is pre-
dicted to be mediated through binding of a PXXP 
motif. PEX-5, in contrast, lacks this motif and binds 
with a so-far unidentified mechanism. The objective of 
this project is to establish the structural basis of the 
interactions of the PEX-13 SH3 domain with the ligand 
proteins PEX-5 and PEX-14. Together with Ben Distel 
and co-workers from Amsterdam we are in the process 
of overexpressing, purifying and crystallising these 
components alone and in complex. 
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Co-operative interactions between ETS and 
USF in transcriptional activation 
(with M. Sieweke, EMBL Heidelberg) 

Transcription factors of the ETS family are regulated by 
heterodimeric interactions with other DNA binding 
proteins. The ETS1:USF heterodimer activates the long 
terminal repeat of HIV-1 which is essential for its repli-
cation. We are overexpressing and purifying a number 
of constructs to determine the structure of an 
ETS1: USF:DNA complex. 

The extracellular domain of the EPH 
receptor 
(with R. Klein, EMBL Heidelberg) 

An N-terminal domain of the EPH receptor was iden-
tified to be sufficient for binding to proteins of the 
LERK receptor family. The initial goal of this project is 
to crystallise this globular domain. In the next step we 
aim to get structural insight of these receptor-receptor 
interactions. 

Activation of the serine kinase of the giant 
muscle protein titin 
(with M. Cautel, EMBL Heidelberg) 

The giant muscle protein titin contains a serine kinase 
domain with a C-terminal domain that is implicated in 
the regulation of the kinase domain. This kinase was 
purified from sf9 cells infected by baculovirus and 
crystallised as thin plates less than 5f.lm in thickness. 
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Figure 1 

Ribbon representation of the 3D structure 
of the serine kinase domain of titin 

The structure of this kinase was solved using an 2.0 A 
resolution data set of the high intensity beam line 
BW7B of the EMBL Hamburg Outstation (Figure 1). 
The structure shows that the catalytic aspartate, invari-
ant in all protein kinases, is blocked by a tyrosine from 
the P+ 1 loop. The interaction is reminiscent of other 
kinases that are activated through serine/threonine or 
tyrosine phosphorylation from a residue in the activa-
tion segment. This structural observation led M. Cautel 
to the elucidation of the two-step activation mecha-
nism of the serine kinase of titin, by phosphorylation of 
Y-170 from the P+1 loop and calcium/calmodulin 
binding to the C-terminal autoregulatory domain. 

3D-structures of proteins from the histidine 
biosynthesis patnway from T. maritima 
(with K. Kirschner, Basel, and R. Sterner, C6ttingen) 

Structural information of proteins of the histidine 
biosynthesis pathway in bacteria is not available so far. 
Three enzymes of this pathway from T. maritima have 
been overexpressed, purified and crystallised: his A, 
phosphoribosyl-formimino-5-amino-1-phosphoribo-
syl-4-imidazole carboxamide isomerase; hisF, cyclo-
ligase moiety of imidazoleglycerol phosphate syn-
thase, hisH, glutamine amidotransferase. The 3D struc-
ture of hisF has been solved at 1.4 A resolution using 

Figure 2 

Ribbon diagram of the 3D 
structure of hisF from T. mar-
itima 



MAD data from selenomethionine incorporated pro-
tein (Figure 2). HisF is folded as a con-
firming several predictions. In the crystallised struc-
ture, two phosphate ions are bound to the active site, 
representing the phosphate moieties of the hisF sub-
strate, 5'-phosphoribosyl-formimino-5-aminoimida-
zole-4-carboxamide-ribonucleotide. The N-terminal 
and C-terminal halves including the phosphate posi-
tions are superimposable, suggesting gene duplication 
in hisF. The structure o(hisA has recently been solved, 
again using MAD data from selenomethionine incor-
porated protein. All MAD data have been collected on 
the wiggler beam line BW7 A at the EMBL Hamburg 
Outstation. 

Structure of the anthranilate 
phosphoribosyltransferase from 
S. su[fataricus 
(with K. Kirschner, Basel) 

Anthranilate phosphoribosyltransferase (trpD) is the 
only enzyme of the tryptophan biosynthesis pathway 
in bacteria where no 3D-structure is available so far. 
The trpD gene product from S. sulfataricus has been 
overexpressed, purified and crystallised. The crystals 
diffract to about 2.2 A resolution. We are currently in 
the process of obtaining phase information to solve the 
crystal structure of this enzyme. 
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Studies at beamline X13 

Team Leader: G. Rapp 
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Predoctoral fellow: D. Woo 

Assistant: B.H. Kunst 

Long-term visitor: F. Richter 

Short-term visitors: A. Arner, F. Artzner, c.c. Ashley, M.A. Bagni, P. Balgavy, J. Barciszewski, C. Betzel, B. Brenner, 
G. Brezesinski, F. Bringezu, C. Burger, M. Clerc, C. Czeslik, M. Degenhardt, U. Dahmen, G. Cecchi, J. Erbes, 
S. Frisbie, A. Gabke, P. Griffiths, I. Hamley, J. Holopainen, B. Hoskins, R. Isherwood, B. Klosgen, R. Koynova, 
T. Kraft, J. Lemmich, B. Lohkamp, S. Lorenz, A. Mainzer-Althoff, R Malessa, U. Malmqvist, M.A. Micha, 
C. Nocula, M. Perbandt, B. Piep, J. Pople, M. Pospiech, P. Quinn, J. Radler, M. Rappolt, M. RossIe, A. Schoppe, 
K. Semmler, R. Servaty, H. Takahashi, J. Thimmel, D. Uhrikova, J. Wray, S. Xu, 1. Yu, R. Zantl, E. Zaychikov 

This year 42 proposals were submitted. In total, more 
than 300 days of beam time were requested. From a 
scheduled beamtime of 198 days there were 174 days 
allocated for synchrotron X-ray studies; the remaining 
days were accounted for by set-up, maintenance and 
unexpected DORIS breakdowns. From the discrepancy 
between the requested and the available beam time, it 
was clear that some projects could not be performed 
and most others were cut and squeezed into a tight 
schedule. Successful and full-time operation was only 
possible with the assistance of experienced users and 
guests. Most projects were performed as collabora-
tions. We are grateful to Prof. Yonath and Dr. Bennett, 
who made their image plate scanner available. 

Due to space limitations only some exemplary projects 
are described, followed by a listing of the other studies. 
A more detailed description of the projects can be 
found in the HASYLAB Annual Report. 
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Figure 1 

Time-resolved diffraction patterns of the activ-
ity on dipalmitoleoyl-PE at 43°C, where the 
lipid shows coexistence of the La and the Hll 
phase. 

In situ observation of phospholipase A2 
activity 
(with F. Richter, Miinchen) 

Phospholipids are digested by pancreatic phospholi-
pase A2 (PLA2), yielding free fatty acid and the 
lysophospholipid, a powerful detergent. This particu-
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Figure 2 DEPE I DMPE(PEGSSO) DEPE I DMPE(PEGSOOO) 

Phase diagrams of DEPE 
and PEG-lipid 
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lar enzyme attracts the attention of the protein and 
lipid community due to its central role in fat digestion. 
Crystallographic work has led to a clear picture of the 
active site, which resembles that of chymotrypsin. The 
changes in the membrane due to this enzyme activity 
have not been studied so far. Our studies focus on 
many classes of phospholipids. We find a strong 
dependence of the structural change in the membrane 
on the particular lipid, and more explicitly on the lipid 
phase. Since all lipids display a rich polymorphism, the 
effects on the membrane structure during the course of 
the activity are diverse in themselves. Among the most 
interesting phenomena observed are the phase transi-
tions induced leading to new structures. 

An example is shown in Figure 1. It is seen that initial-
ly only lipids in the La phase are affected by the PLAz, 
and at a later stage the intensity of the Hn-phase 
decreases while new reflections occur that can be 
indexed by several cubic space groups. We interpret 
this phase behaviour as an induced phase transition in 
the non-lamellar phase caused by the products formed 
byPLAz· 

Induction of cubic phases 
(with R. Koynova and B. Tenchov, Sofia) 

Synthetic lipids conjugated with PEG polymers have 
recently attracted attention due to their application in 
drug delivery systems for prolongation of the blood 
circulation time. Knowledge concerning their interac-
tions with membrane lipids is essential for optimizing 
their use in the pharmaceutical 'stealth' liposome 
preparations. Such information is of basic interest as 

well, since the physico-chemical properties of the 
recently developed PEG-lipids and their interactions 
with membrane lipids are presently not well under-
stood. We studied the phase behavior of the pseudo-
binary mixtures of hydrated dielaidoylphosphatidyl-
ethanolamine (DEPE) with the conjugates 
DMPE(PEG550) and DMPE(PEG5000) and constructed 
partial phase diagrams (Figure 2). At 10-20 mol% both 
PEG-lipids favor the La phase at the expense of the 
lamellar gel and the hexagonal (Hn) phases. 
DMPE(PEG550) induces spontaneous formation of a 
cubic phase of space group Im3m which intrudes 
between the La and the hexagonal phases. Small 
amounts of the DMPE(PEG5000) do not promote for-
mation of additional phases. Structural data on the 
organization of the pure hydrated PEG-lipid conju-
gates suggest that these lipids form micelles and lamel-
lae. 

Sorption of hexane into phospholipid 
multi-layers: a time-reso1ved X-ray 
diffraction study 
(with D. Woo and R. Klaring) 

Model membranes on solid support are of interest for 
both scientific and technical reasons since they provide 
a geometrically well-defined system to study some of 
the basic properties of amp hip hiles. They are also a 
natural environment for proteins and thus bear the 
potential to design specific biosensors. Here we stud-
ied diffusion processes in situ. Ordered multilayers of 
1,2-dimyristoyl-sn-glycero(3)phosphocholine (DMPC) 
were prepared on microscope cover slides and mount-
ed in a closed sample holder fit for the control of tem-
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Figure 3 

Evolution of the 3rd and 4th order Bragg reflections. A: with-
out hexane; B: after -10 min with hexane; C: after 6 hrs with 
hexane; D: 6 hrs after removal of hexane 
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perature and atmospheric conditions. The substrate 
was bent, thus allowing simultaneous detection of 
multiple .reflections. After equilibration in the gel 
phase (at 75% R.H. and 17.5 DC), hexane was added 
and the sorption process from the vapour-phase was 
monitored by specular reflection of X-rays. The bilayer 
spacing changed asymptotically from 55.6 A to 58.9 A 
with 80% completion after 30 min (Figure 3). This 
dynamic behaviour can be fitted assuming a diffusion 
process with two diffusion constants. The difference in 
d-spacing can be explained with a change in chain tilt 
from _26°, a value in good agreement with other pub-
lications for DMPC in the LW-phase, to _0°. It is sug-
gested that hexane is incorporated into the hydropho-
bic core, forcing the chains into an untilted conforma-
tion. 

SAXS study on temperature- and pressure-
induced unfolding of staphylococcal 
nuclease 
(with R. Malessa and R. Winter, Dortmund) 

Application of hydrostatic pressure results in disrup-
tion of the native protein structure due to the decrease 
in volume of the protein-solvent system upon unfold-
ing. To follow the changes in the tertiary structure 
upon disturbing the native state, we examined the 
pressure-induced denaturation of staphylococcal 
nuclease WT (SNase, 17.5 kDa) as a model system for 
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pressure effects on small single chain polypeptides. At 
ambient pressure and 25°C, SAXS indicates that SNase 
is an almost plobular protein with a radius of gyration 
around 17 A. Upon heating to 80°C, the protein 
unfolds to a less compact ellipsoidal conformation. The 
spatial extent of SNase is relatively stable up to 40°C; 
higher temperatures result in unfolding of the 
polypeptide chain. No aggregation of the protein can 
be detected up to approximately 70 dc. 

Application of hydrostatic pressures higher than 1,800 
bar induces reversible unfolding of the protein mole-
cule (see Figure 4). The dimensions of the denatured 
protein resemble the chemically induced (urea) unfold-
ed state. In comparison to results from kinetic FT-IR 
measurements, time-resolved SAXS in combination 
with the pressure-jump relaxation technique reveals 
that unfolding of the tertiary structure is on a time 
scale similar to the changes in the secondary structure 
elements of SNase WT. 

A modified wire per wire linear detector for 
5 ps time-resolution 
(with B.H. Kunst, M.H.J. Koch, B. Robrahn & 
F. Golding, Lancaster, UK) 

The high photon flux available from modern synchro-
trons is a major prerequisite for time-resolved experi-
ments. In many experiments, however, the incident 
flux has to be reduced artificially due to effects arising 
from local or total count rate limitations. In particular 

- SNASE wr 1 %, 1000 bar 
-G- 1700 bar 
- 2800 bar 
- pressure released 1000 bar 

20 30 60 70 

Figure 4 

Pair-distance distribution function per) at 20°C and selected 
pressures indicating a globular structure around 1000 bar 
and an ellipsoidal one in the denatured state. 



in experiments on muscle contraction, where the life-
time of the samples depends not only on radiation 
damage but also on mechanical fatigue; the reduction 
of incident flux results in severe experimental limita-
tions. A multi-wire linear detector has been successful-
ly used in the past. The bottleneck of this system, how-
ever, is the serial readout of the content of the individ-
ual scalers of each channel, which sets the time-resolu-
tion to 250 ps - a time which was considered more 
than sufficiently short a£ the time of its development 
(Hendrix et al., 1982, Nucl. Instr. Methods, 201, 139-
144). 

The standard CAMAC based data acquisition system 
used for time-resolved studies at EMBL consists of a 
memory for the detector and a calibration channel unit 
(CCU) to store auxiliary information like ring current, 
temperature, etc. In the modified version of the linear 
multi-wire proportional counter presented here, the 
output of the preamplifier of each wire is directly fed 
into one channel of the CCU, where at present the ulti-
mate time-resolution is 5 ps as set by hardware. 

50 ]1S time-resolved intensity changes of the 
M3 meridional reflection from intact muscle 
(with M.A. Bagni and G. Cecchi, Florence, and c.c. 
Ashley & P.J. Griffiths, Oxford) 

The aforementioned modified data acquisition system 
was used to investigate intensity changes of the M3 
reflection (IM3) as a non-invasive tool for the study of 
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the power stroke event at sub-millisecond time resolu-
tion. Since only 3 CCUs with 16 channels each were 
available, only those channels covering the M3 reflec-
tions were connected to the CCUs. Muscle fibres were 
tetanised for a period of 700 ms, and a number of 
cycles of length changes were applied on the tetanic 
plateau. The mechanical responses to repeated releases 
and stretches are shown on the top part of Figure 5, the 
bottom part shows the associated intensity changes. 
No averaging over different samples was necessary. A 
detailed analysis is in progress. 
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Figure 5 

Length-step induced change in ten-
sion (top) and intensity of the first 
meridional reflection (bottom) moni-
tored at 50 J1S time-resolution. 
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The complex of Bacillus pasteurii l}rease 
with p-mercapto-ethanol at 1.65 A resolution 

Staff Scientist: W. Rypniewski 

Predoctoral fellow: S. Benini 

with K.S. Wilson (York), S. Ciurli (Bologna), and S. Mangani (Siena) 

The enzymatic hydrolysis of urea by the Ni-containing 
enzyme urease (urea amidohydrolase E.C. 3.5.1.5) 
occurs at a rate 1014 times faster than the rate of the 
uncatalysed reaction, yielding ammonia and carbon 
dioxide. The structure of p-mercaptoethanol-inhibited 
urease from Bacillus pasteurii, a highly ureolytic soil 
microorganism, has been solved using synchrotron x-
ray cryogenic diffraction data at 1.65 A collected at the 
BW7B EMBL beamline. The structure shows an unex-
pected binding mode of p-mercaptoethanol (P-ME), 
bridging the two Ni ions in the active site through the 
sulphur atom, and chelating one Ni through the OH 
functionality. Another molecule of P-ME forms a mixed 
disulphide with a Cys residue, thus sealing the 
entrance to the active site cavity by steric hindrance. 

The crystallization and X-ray data collection have been 
recently reported (Benini, 1997). The structure of K. 
aerogenes urease (J abri, 1995) has been used as a search 
model for the structure solution using molecular 
replacement. The final, refined model has an R-factor 
of 0.158. Both Ni ions in the inhibited B. pasteurii urease 
appear pentacoordinated (Figure 1), in agreement with 
Ni-edge X-ray absorption spectroscopy data which 
indicated an average coordination of the two Ni ions as 
five or six N / 0 ligands in a pseudo-octahedral geom-
etry (Benini, 1996). In the X-ray structure the coordina-
tion geometry around Ni(1) is distorted square-pyram-
idal and the coordination of Ni(2) is distorted trigonal-
bipyramidal. The equatorial planes of the square and 
trigonal pyramids are joined through the bridging S 
atom of pE'Ca-ME. In close proximity to the dinuclear 
metal centre, a second molecule of P-ME is bound to 
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Figure 1 

The active site of Bacillus pasteurii urease showing two 
molecules of the inhibitor 

Coordination bonds 

Hydrogen bonds 
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Cys a322 by a disulphur bridge. This may represent an 
additional inhibition mechanism by blocking the 
entrance of the substrate in the active site. The highly 
conserved primary sequences of all known ureases and 
the constant presence of two Ni ions in the active sites 
implies a common catalytic pathway. Therefore, a com-
parison of detailed structures of ureases from different 
sources will allow the identification of the common 
molecular features useful in designing inhibitors effec-
tive on a broad range of inicrobial ureases. 
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High resolution MAD phasing 

Staff Scientist: A. Gonzalez 

with V. Lamzin (Hamburg Outstation) and P. Alzari (Pasteur Institute) 

One of the greatest advantages of using anomalous 
dispersion methods for phasing protein structures is 
the achievement of unbiased accurate phases to the 
limit of crystal diffraction. Collecting MAD data to 
very high resolution has two main advantages: 

Anomalous dispersion is basically an isotropic phe-
nomenon, so the only reason why the signal seems to 
decay in data sets is because the highest resolution 
reflections are measured less accurately. Therefore, the 
higher the resolution we measure, the more informa-
tion we will be able to extract from the anomalous sig-
nal and the more accurate the phases. High resolution 
maps are easier to interpret. At resolutions higher than 
2 A it is possible to build a large part or all of the struc-
ture automatically with programs like ARP or wARP. 
Therefore, high-resolution MAD phasing would be a 
step towards totally automatic and fast structure solu-
tions and refinement. 

To test the possibilities of atomic resolution, we have 
collected a three-wavelength MAD data set from a 
mercury derivative of Endoglucanase A (CELA) to 1 A 
resolution on the EMBL Hamburg outstation beamline 
BW7 A. The three wavelengths were chosen to max-
imise the anomalous differences between the Bijvoet 
pairs within a data set and the dispersive differences 
between data sets. 

Despite problems in scaling the data caused by the 
high anomalous signal, we were able to calculate phas-
es at atomic resolution. The phases were of outstand-
ing quality (Table 1) and the initial map is easily inter-
pretable, even without solvent flattening or any other 
density modification procedure (Figure 1). Refining of 
the model based on the phases is in progress. 

Table 1: Figures of merit of the MAD phases as a function of 
resolution 

A: Resolution B:FOM 

A: 6.94 3.76 2.58 1.97 1.59 1.33 1.14 1.01 
B: 0.80 0.88 0.87 0.84 0.75 0.67 0.51 0.30 
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Optimising MAD data collection 

One of the main questions facing protein crystallogra-
phers who wish to carry out a MAD data collection is 
how to make the best use of the available synchrotron 
beam time to obtain the best possible maps. It is obvi-
ous that the optimal strategy to follow depends great-
lyon the crystals, protein and beamline characteristics. 
For example, if it is not possible to freeze the crystal, or 
if noticeable radiation damage happens even when the 
crystal is frozen, then the best strategy is to collect 
Friedel pairs at the same time (by orienting the crystal) 
and collecting dispersive differences before the crystal 
is too damaged (by collecting data at all the wave-
lengths simultaneously). However, cryo-cooling the 
crystals and sophisticated scaling software have 
reduced the need for such an approach. Reduction of 
the radiation damage makes it possible to collect data 
at all the necessary wavelengths sequentially. This 
approach has two main advantages: 

- It is possible to maximise dispersive difference 
by selecting high energy remote wavelengths; 

- the experimenter has the chance to evaluate 
the data, calculate Pattersons and phase as they 
are being collected. 

The effect of using high energy (ie. more than 3000-e V 
above the absorption edge) for the remote data set has 
been studied on an iron metalloprotein (cytochrome 
CSS3)' Using a remote wavelength of 1.0 A instead of 1.7 
increases the phasing power of the data set by a factor 
of two and the overall R-Cullis decreases from 0.6 to 
0.5, so the overall phases are more accurate. 

Another area of MAD data collection strategy worth 
researching is the dependence of the number of wave-
lengths necessary to phase the structure. Theoretically, 
only two wavelengths are required, but owing to errors 
in the data, three or even four different wavelengths 
are required, so MAD experiments are routinely allo-
cated time to collect three or four data sets. However, 
studies of phasing with fewer wavelengths have 
proved that not only interpretable maps can be 



achieved, but collection of an extra data set does not 
add up significantly to the quality of the map (Figure 
2). Two different experiments seem to indicate that the 
relevant quantity is the ratio between the anomalous 
scattering and the total scattering factor of the protein. 
In the cases where the anomalous signal was over 4% 

Figure 2 

The Hamburg Outstation 

of the total scattering, phasing with two wavelengths 
was possible. Considering that a data set can take up to 
one day of data collection, being able to evaluate the 
number of wavelengths needed from the expected 
anomalous signal would be an enormous advantage in 
making good use of available synchrotron time. 

Figure 1 

Detail of the MAD map at 1.1 A resolution (before solvent J1at-
tening and refinement) showing a clearly-defined histidine ring 

Detail of map after MAD phasing and solvent flattening using two (left) and four (right) different wavelengths. 
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Direct observation of catalytic hydrogen atoms 
in a serine proteinase at atomic resolution 

Staff Scientist: W. Rypniewski 

with M. Dauter, K.S. Wilson (York), and C. von der Osten (Novo) 

The structure of Alcalase, a natural variant of subtilisin 
Carlsberg [1], in complex with the chymotrypsin 
inhibitor CI-2A [2], has been solved at 1.05 A resolu-
tion, at 4 0c. The structure permits detailed insight into 
the nature of the enzyme-substrate interaction prior to 
hydrolysis. The positions of the catalytically important 
hydrogen atoms are clearly visible on the difference 
electron density maps. There is a clearly-defined 
hydrogen on the catalytic Ser221 and one on His64, on 
Nol, H-bonded to 001 of catalytic Asp32 (Figure 1). 
The H-bond between Asp32 and His64 is close to lin-
earity, but the H-bond between Ser221 and His64 is 
highly non-linear and close to the excluded region [3]. 
The hydroxyl oxygen of Ser221 is poised for nucle-
ophilic attack on the carboxyl carbon of Met59 of the 
CI-2A inhibitor, with only 2.70 A between the two 
atoms (Figure 2). The attack is stalled presumably 
because of the unusually high stability of the reactive 
site loop ofCI-2A. 

Another significant feature is that the amide hydrogen 
of the inhibitor at position Pl (Met59) is only 2.2A from 
the hydroxyl hydrogen of the catalytic serine. This 
must give rise to repulsive steric and electrostatic inter-
action between the two protons. The hydroxyl hydro-
gen is still located on the catalytic serine but it is expe-
riencing two directional interactions, both propelling it 
towards the catalytic His. One is the attractive force of 
the N£2 atom of the imidazole, to which it is already 
hydrogen bonded. The other is the repulsion of the 
amide proton of the Pl site of the bound inhibitor or 
the substrate. This mechanism of simultaneous push-
ing and pulling of the hydrogen anticipates the next 
step of the reaction, in which the proton migrates to the 
histidine and the hydroxyl oxygen breaks the scissile 
bond and forms a tetrahedral reaction intermediate 
with the substrate. Thus the atomic resolution data 
reveal novel structural features which can be directly 
related to the biological role of the enzyme. The pep-
tide plane 59-60 containing the scissile bond shows sig-
nificant deviation from planarity-13.6°, with an s.u. 
of 0.71 0. The amount of the distortion is approximately 
two standard deviations from the mean for the whole 
structure. Several other pep tides have larger devia-
tions but the direction of the distortion of peptide 59-60 
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Figure 1: 
The geometry of 
the catalytic triad 
of Alcalase 
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is consistent with the anticipated direction of the cat-
alytic reaction. The peptide plane is bent in such a way 
that the scissile bond is drawn towards the catalytic 
Ser. This is the first atomic resolution structure of a ser-
ine proteinase showing all the active site hydrogens. 
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On the choice of an optimal wavelength 
in macromolecular crystallography 

Staff Scientist: A. Teplyakov 

Potential benefits of using short X-ray wavelengths for 
protein crystal data collection arise from a reduction in 
absorption errors and a decrease in radiation damage 
of a sample. However, most available sources of syn-
chrotron radiation provide relatively low fluxes in the 
high energy range. On the other hand, the use of longer 
wavelengths enhances scattering efficiency and may be 
particularly advantageous for small and frozen crys-
tals. Theoretical considerations suggest using wave-
lengths longer than 1 A for data collection from typical 
protein crystals at the second generation synchrotron 
sources. To test this, a series of experiments were per-
formed at EMBL beamlines at DESY (Hamburg). 

The spectral distribution of the beamlines X31 and 
BW7 A was measured with an ion chamber positioned 
after the collimator just in front of the sample. The val-
ues were corrected for the Ie dependence of the ion 
chamber response. The maximum lies in the range 0.9-
1.2 A on X31 and in the range 0.7-0.9 A on BW7 A. 

X-ray data were collected at different wavelengths 
using frozen rhombohedral crystals of glucosamine-6P 
synthase and processed with DENZO and 
SCALE PACK. The crystal-to-detector distance was 
selected so that the resolution limits were the same for 
all data sets. The exposure time was set to be the same 
at different wavelengths. The quality of the data was 
estimated on the basis of the merging R factor, the 
number of reflections with 1>3a, and the average 1/ a 
ratio. 

On the wiggler beamline BW7 A, data were measured 
at three wavelengths-O.S, 1.0 and 1.5 A-to a maxi-
mum resolution of 2.6 A. The crystal used was of a size 
of 0.4 x 0.4 x 0.2 mm3. The oscillation angle was 1 ° per 

image and the total oscillation range (the same for each 
data set) was 40°, which gave sufficient redundancy of 
the data. The quality of data collected at longer wave-
lengths is better with respect to the O.S A data in spite 
of the significant decrease in the flux at 1.5 A. The dif-
ference in quality is particularly pronounced in the 
high resolution shell. 

Four wavelengths (0.9, 1.1, 1.3, 1.5 A) and a crystal of a 
size of 0.5 x 0.5 x 0.25 mm3 were used in the experiment 
on the bending magnet beamline X31. The total oscilla-
tion range was 21° and consisted of two parts of 10.5°. 
For the first part, the crystal was oriented with its 
shortest dimension along the beam and for the second 
part, 90° away so that the absorption effects would be 
maximised. Each data set included about 20,000 
unique reflections, half of which were measured more 
than once with mean redundancy of 2.3. As in the pre-
vious experiment, data collected at longer wavelengths 
(even at 1.5 A) are of higher quality with respect to the 
0.9 A data. The quality of the 1.1 A data is superior to 
the other data in terms of the 1/ a ratio, the percentage 
of strong reflections and overall Rmerge. The Rmerge for 
high resolution reflections is better at a longer wave-
length (11.S% at 1.3 A). 

These experiments show that the data of higher quali-
ty can be achieved by using the wavelengths of 1.1-1.3 
A as compared to 0.S-0.9 A provided other conditions 
are similar. In terms of time, the data of equal quality 
can be collected faster at a longer wavelength. The use 
of Ie 1.1 A is particularly advantageous for small crys-
tals due to insignificant absorption. Even for the crys-
tals as large as 0.4-0.5 mm, the gain from the enhanced 
scattering efficiency surpasses the negative effect of 
increased absorption. 
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Table 1. Data statistics. 

wiggler beamline BW7 A bending magnet beamline X31 

Wavelength, A 0.8 1.0 1.5 0.9 1.1 1.3 1.5 

Reflections 1>3cr, % 

17.0-2.60A 84.1 85.7 86.9 87.6 91.1 89.6 85.5 

2.64-2.60 A 61.0 63.4 68.7 72.8 80.3 73.3 65.3 

<I>/<cr> 

17.0-2.60 A 15.3 16.4 15.3 16.9 20.5 20.1 17.9 

2.64-2.60 A 3.6 4.4 5.4 3.9 5.4 5.3 4.2 

Rmerge' % 

17.0-2.60 A 4.9 4.4 4.5 4.2 3.2 3.2 3.5 

2.64-2.60 A 22.9 17.9 14.0 17.9 13.7 11.8 14.9 

Figure 1 

Spectral distribution of beam lines BW7 A and X31 
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THE HINXTON OUTSTATION -
THE EUROPEAN BIOINFORMATICS INSTITUTE (EBI) 

The EBI provides a wide range of information services for biology and biotechnology while carrying out research 
and development in bioinformatics. Its neighbours on the site at Hinxton, the Sanger Centre and the UK MRC 
Human Genome Mapping Project Resource Centre, collaborate extensively with the EBI. The Campus Conference 
Centre, with its auditorium, meeting and training rooms, along with on-site accommodation, allows large scientif-
ic meetings in a high-technology environment. 

Activities at the EBI are divided into three interlinked areas: the Service Programme, the Industry Support 
Programme, and the Research and Development Programme. 
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THE EBI SERVICE PROGRAMME 

Programme Coordinator: G. Cameron 

The EBI Service Programme is dedicated to providing high-quality information services for biologists. These serv-
ices are provided to the global research community, and often involve deep and carefully coordinated collaborations 
with researchers and other service providers throughout Europe and the rest of the world. 

The services hinge around biological databases and the tools to support data deposition and exploitation. A num-
ber of other services (e.g., BioCatalog, FTP archives) help scientists to locate tools which might help them in their 
research. To remain state-of-the-art, services must be constantly reviewed and upgraded, a task which depends on 
an understanding of the latest developments in biological research and information technology. To maintain this 
awareness, the Service Programme of the EBI has a Research and Development (R&D) team carrying out work 
explicitly directed at the exploration of potential improvements in our services. 

The data and services typically reach users via the World Wide Web, with a diversity of update mechanisms for 
databases and various search servers being available. In response to user feedback, we have just completed a com-
plete reorganisation of the way our Web services are organised, with particular emphasis on improving the range 
of sequence search services and their usability. 

Demand for these services is growing exponentially, and a major challenge in the next few years will be todetermine 
the palette of services to be offered and to raise resources necessary to provide them. 

In recent years the activities of the EBI's Service Programme, with the exception of SWISS-PROT, have received sub-
stantial support from the Services of the Commission of the European Union (EU). 

Databases 

The focus of the database activities is on biomacromolecules, and the three main collections are the EMBL 
Nucleotide Sequence Database, SWISS-PROT, and the Macromolecular Structure Database. Each of these has its 
own peculiar constellation of collaborators and funding sources. Substantial effort has been dedicated to the better 
integration of these databases. 
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The EMBL Nucleotide Sequence Database 

The EMBL Nucleotide Sequence Database is a collaboration with the GenBank team and the DNA Data Bank of 
Japan (DDBJ). Achievements, aside from simply coping with the ever-increasing flood of data, include: 

- Incorporation of all the sequence data from patent literature. 
- Development of automated methods to update to remote copies of the database. 

Implementation, in collaboration with the Sanger Centre, of methods to keep the public database in synchrony 
with the dynamic project databases of major sequencing centres. 

Challenges of the year reflect the genomic era. The database must be developed to reflect whole genomes, and the 
ability to enhance the information with new annotation as understanding progresses will become crucial. 

SWISS-PROT and TrEMBL 

SWISS-PROT, with its detailed annotation, is sometimes seen as the gold standard of biological databases. 
Unfortunately, its very strengths eventually threatened it. The exacting standards for annotation and the careful 
removal of redundancy created a workload which made it almost impossible to keep it up-to-date. Salvation (at 
least partial) came from the developing methods employed by EBI to create SWISS-PROT entries. Candidate entries 
are built from the increasingly-robust nucleotide sequence database, and their annotation is partly amenable to 
automation. This led to the development of the TrEMBL (Translation from EMBL) database as an automatically 
annotated supplement to SWISS-PROT. TrEMBL now receives separate EU support. 

Structure Data 

The newest major database activity of the EBI is in the area of macromolecular structure. The EBI's macromolecu-
lar structure database (MSD) group works in collaboration with the Protein Data Bank (PDB) located at Brookhaven 
National Laboratory (BNL) in the USA. Major work in the course of the year includes: 

- Maintenance of a mirror of the World Wide Web services of the of PDB and NDB at the EBI. 
- An across-the-board clean-up of existing PDB data. 
- Preparatory work for the EBI to become a data acquisition centre at the beginning of 1998. 

Applications Software 

The main databases draw on software support from a team of software engineers with specialist database skills. In 
the course of the year their work has included: 

- Migration of operations from the VMS operating system to UNIX. 
- Installation of the latest version of Oracle. 

Revision of the schema (the way the data are organised) to better represent the biology. 

A particular success has been our new data acquisition tool wEBIn. 

Research & Development 

Two small subgroups headed by Patricia Rodriguez-Tome and Geoffrey Barton are engaged in research and devel-
opment in the Service Programme. In 1997 their work included: 

- The development of database methods using object-oriented design tools with software to map from design to 
relational database implementation. 

- Work on interoperability which allows us to use accepted standards (CORBA) to enable a range of databases 
and tools to work together. 
Clustering EST data and serving them to users in the CORBA technology. 
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Database operations and external services 

Group Leader: P. Stoehr 

Scientists, Engineers: R. Apweiler, G. Stoesser, M. di Tommaso*, P. McNeil, R. Harper, B. Shomer*, R. Lopez*, 
A. Malik 

Database operations 

The primary focus of database operations is the 
nucleotide and protein sequence databases, the data 
collection, internal management and curation, and dis-
tribution of data to users. Progress made in database 
curation and programming is covered by the reports of 
G. Stoesser, R. Apweiler and P. McNeil. 

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 Cologne. Release 9611 con-
tains data from 47 species (mostly human) and 7937 
annotated nucleotide sequences. 

External services 

Recently, significant 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 servic-
es is both current (typically updated daily) and the 
same between all services. The process of exporting 
new data from the source RDBMS, reformatting and 
indexing for the various applications is carefully 
scheduled and monitored, so that a dataset available to 
the FASTA server is the same as that for the BLAST 
server, or SRS, NetServ, etc. 

Processing is done on multi-processor SGI Challenges 
(3) and DEC 8400 (2) computers, using Load Sharing 
Facility (LSF) software for job queuing and load bal-
ancing. Interfaces for interactive submission of analy-
ses are available in the form of customised WWW 
forms of a similar consistent style, and interactive exe-
cution is usually possible (depending on resources 
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required). E-mail interfaces are available and these are 
often more convenient for bulk or automated job sub-
mission. 

Currently the FASTA, BLAST and Smith-Waterman 
search services process on average around 1,500 
searches per day. The EBI WWW server(s) get hit 
around 30,000 times per day by external users, and in a 
typical week by around 6,700 different hosts. The SRS 
server accounts for the lion's share of accesses with 
around 6,000 actual queries per day. 

FASTA 

EMBL has for many years operated a sequence search 
service based on the FASTA software of William 
Pearson as implemented in the GCG software package. 
In 1997, we implemented the threaded versions of the 
native FASTA version 3, to take advantage of running 
on multi-processor servers. Jobs can be submitted via 
e-mail or WWW forms, and via the forms, results of 
protein database searches can be returned interactively 
if required (otherwise bye-mail) and marked up on 
display to enable viewing of the sequence hits. 

BLAST 

We introduced two versions of BLAST, NCBI-Blast and 
WU-Blast (Warren Gish at Washington University). As 
for FASTA above, interfaces are via WWW or e-mail 
and results for protein searches can be returned and 
marked up interactively. 

BLITZ-Smith-Waterman 

MPsrch 

An unique service provided by EMBL for many years 
has been the e-mail server called BLITZ which ran a 



Smith-Waterman algorithm as implemented by the 
MPSrch software (Collins and Sturrock) on a MasPar 
massively parallel computer. The MasPar itself became 
impossibly expensive to maintain, and finally died at 
the end of 1997 and so the MPSrch service was termi-
nated at this time. Meanwhile we had investigated 
other solutions, and had a Biocellerator in place to take 
over, with the BIC-SW software. 

BIC-SW 

As with the MasPar the Bioccelerator (Compugen Ltd) 
is a dedicated device attached to a conventional front-
end computer which contains specific algorithms in 
firmware to accelerate the execution. The two-board 
BIC-2 at the EBI is set up to run the Smith-Waterman 
implementation called BIC-SW, and indications are 
that the results are at least as good as MPSrch, and with 
the hardware capable of greater throughput and being 
non-obsolete, we conclude that we have an improved 
service. Interactive forms for job submission and 
receipt of results are available, and also an e-mail inter-
face. 

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. 

GeneMark 

A GeneMark (Mark Borodovsky) web server for gene 
prediction was added to our services and implemented 
in close collaboration with the author (whilst keeping 
the look and feel of the interface consistent with oth-
ers). 

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' as well as serving on various EMBnet 
committees and workgroups. 

The Hinxton Outstation 

I 
279 



EMBL 1997 Research Reports 

SWISS-PROT + TrEMBL 

Team Leader: R. Apweiler 

Scientists and Engineers: S. Contrino, C. Desaintes*, W. Fleischmann*, H. Hermjakob*, V. Junker, S. Kappus, 
F. Lang, M.J. Martin, M. Magrane, N. Mitaritonna, C. O'Donovan 

Predoctoral fellow: S. Moeller 

Short-term visitors: B. Arnold, A. Bairoch, S. Boyce, J.-J. Cod ani, E. Glemet, D. Lonsdale, D. Schomburg, K. Tipton 

The work of this group is focused on the production of 
the SWISS-PROT + TrEMBL protein sequence database. 

SWISS-PROT 

Established in 1986 and maintained collaboratively, 
since 1987, by the University of Geneva and EMBL, 
SWISS-PROT is the most widely used protein sequence 
database since it distinguishes itself from other 
sequence databases by three essential criteria: 

Minimal redundancy 

Many sequence databases contain, for a given protein 
sequence, separate entries which correspond to differ-
ent literature reports. In SWISS-PROT we try as much 
as possible to merge all these data so as to minimize the 
redundancy of the database. If conflicts exist between 
various sequencing reports, they are indicated in the 
feature table (FT) of the corresponding entry. 

Integration with other databases 

It is important to provide the users of biomolecular 
databases with a high degree of interoperatibility 
between the three types of sequence-related databases 
(nucleic acid sequences, protein sequences and protein 
tertiary structures) as well as with specialized data col-
lections. SWISS-PROT was end of 1997 cross-refer-
enced by more than 200,000 links with 27 different 
databases. Cross-references are provided in the form of 
pointers to information related to SWISS-PROT entries 
and found in data collections other than SWISS-PROT. 
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Annotation 

One of SWISS-PROT's leading concepts from the very 
beginning was to provide far more than a simple col-
lection of protein sequences, but rather a critical view 
of what is known or postulated about each of these 
sequences. In SWISS-PROT each sequence entry con-
sists of the sequence data, the citation information (bib-
liographical references), the taxonomic data (descrip-
tion of the biological source of the protein), and the 
annotation which describes the following items: 

Function(s) of the protein. 

Post-translational modification(s). For example car 
bohydrates, phosphorylation, acetylation, GPI-
anchor, etc. 

- Domains and sites. For example calcium binding 
regions, ATP-binding sites, zinc fingers, homeobox, 
kringle, etc. 

- Secondary structure. 

- Quaternary structure. For example homodimer, 
heterotrimer, etc. 

- Similarities to other proteins. 

- Disease(s) associated with deficiencie(s) in the 
protein. 

Sequence conflicts, variants, etc. 



TrEMBL: a computer annotated supplement 
to SWISS-PROT 

The rate-limiting step in the production of SWISS-
PROT was and still is the annotation process. The 
attachment of biological knowledge abstracted from 
publications to the sequences is a skilled and labour-
intensive task. Maintaining the high quality of 
sequences and annotation in SWISS-PROT requires 
careful sequence analy§is and detailed curation of 
every entry. Therefore the ever-increasing rate of deter-
mination of new sequences required new approaches 
to enable SWISS-PROT to keep up. While we do not 
wish to relax the high editorial standards of SWISS-
PROT, it is also vital that we make new sequences 
available as quickly as possible. To address this con-
cern, we introduced TrEMBL (TRanslation of EMBL 
nucleotide sequence database) as a supplement to 
SWISS-PROT containing computer-annotated transla-
tions of all coding sequences (CDS) in the EMBL 
nucleotide sequence database which are not yet in 
SWISS-PROT. 

CDS scanning, translation, 
and SWISS· PROT 

formating 

OUT 

REM-TrEMBl 

>--+ .. Smalls.dat 

>---+.. Synth.dat 

>--+ .. Pseudo.dat 

>--+ .. lmmuno.dat 

>--+.. Patent.dat 

Reducing redundancy 

Motif recognition 

Significance checks 

SP-TrEMBl 
fun.dat 
hum.dat 
inv.dat 

mam.dat 
mhc.dat 
org.dat 
phg.dat 
pln.dot 
pro.dat 
rod.dat 
une.dat 
vr1.dat 
vrt.dat 
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Current status 

At the end of 1997, TrEMBL release 5 was produced 
and distributed as a supplement to SWISS-PROT 
release 35. Release 35 contained 69,113 entries compris-
ing 25,083,768 amino acids abstracted from 59,101 ref-
erences. The corresponding EMBL release contained 
290,000 CDS. 100,000 of these were already as sequence 
reports in SWISS-PROT and have been removed from 
TrEMBL. The remaining 190,000 CDS were merged 
whenever possible to reduce redundancy and the 
resulting 166,000 entries were automatically annotated 
and distributed as TrEMBL release 5. Sequences and 
annotation of SWISS-PROT + TrEMBL entries are con-
stantly updated. Between releases, we update the 
sequences of approximately 2% of all entries and the 
annotation of approximately 20% of all entries. SWISS-
PROT + TrEMBL represent the most complete and up-
to-date protein sequence database with the lowest 
degree of redundancy and the highest standard of 
annotation publicly available today. 

PROSITE, 
PFAM etc. 

Figure 1 

The production of TrEMBL 
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We have split TrEMBL in two main sections; SP-
TrEMBL and REM-TrEMBL: SP-TrEMBL (SWISS-PROT 
TrEMBL) contains the entries (about 120,000 in release 
5) which should be incorporated into SWISS-PROT. 
SWISS-PROT accession numbers have been assigned 
to these entries. REM-TrEMBL contains sequences not 
suitable for the inclusion into SWISS-PROT. 

The production of TrEMBL is illustrated in Figure l. 
The hot spot for developments is the post-processing 
of the SP-TrEMBL entries. The first step is the reduction 
of redundancy. All full-length proteins in SP-TrEMBL 
with the same sequence are merged into one entry. All 
fragment proteins with the same sequence from the 
same organism are merged provided they do not 
belong to a highly variable category of proteins like 
MHC proteins or viral proteins. For all SWISS-PROT 
entries, the CRC32 checksums of all the different anno-
tated sequence reports are calculated and compared 
with the checksums of all SP-TrEMBL entries. 
Identified matches are removed from SP-TrEMBL and 
integrated into the corresponding SWISS-PROT 
entries. Merging sub-fragments with full-length 
sequences and conflicting sequence reports about the 
same sequence further reduces the redundancy. 
Although these merging operations are automated, all 
merged entries are finally checked by biologists to 
avoid the merging of sequences from two different but 
highly similar genes into one entry. 

The second post-processing step is the information 
enhancing process. All SP-TrEMBL entries are scanned 
for PROSITE patterns. If a matching pattern is found, a 
three-step procedure is used to reduce the number of 
false positive hits. 

Firstly, the taxonomic classification of the SP-TrEMBL 
entry must be within the known taxonomic range of 
the PROSITE pattern. For instance, a match of an a-
priori prokaryotic pattern against a human protein is 
regarded as false positive and filtered out. 

Secondly, the significance of the PROSITE pattern 
match is checked. This is done by a second check of the 
SP-TrEMBL sequence with a set of secondary patterns 
derived from the PROSITE pattern. These secondary 
patterns are computed with the eMotif algorithm. The 
PROSITE database contains a list of all SWISS-PROT 
proteins that are true members of the relevant protein 
family. For each pattern, the true positive sequences 
are aligned and fed into eMotif, which computes a 
nearly optimal set of regular expressions based on sta-
tistical rather than biological evidence. We used a strin-
gency of 10-9, so that each eMotif pattern is expected to 
produce on random a false positive hit in 109 matches. 

Thirdly, in cases where a protein family is character-
ized by more than one PROSITE signature, all signa-
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tures must be found in the entry. For instance, bacteri-
al rhodopsins have a signature for a conserved region 
in helix C and another signature for the retinal binding 
lysine. If an SP-TrEMBL entry matches only the helix-
C-pattern, but not the retinal-binding pattern, it will 
not be regarded a$ a bacterial rhodopsin. 

The raw PROSITE hits and all results of the confirma-
tion steps are stored in a hidden section of the SP-
TrEMBL entry, but only those hits that satisfy all con-
firmation conditions are made publicly visible in a DR 
PROSITE line. 

Approximately 35% of all SP-TrEMBL entries can be 
characterized by a PROSITE signature but only around 
30% of all SP-TrEMBL entries are true positive match-
es. The characterization based only on PROSITE would 
lead to 10-20% false positive assignments. The confir-
mation steps reduce the level of characterization by 
nearly a third to 25%. At this stage, we achieve a level 
of less than 0.07% false positive assignments. 

Whenever an SP-TrEMBL entry is recognised by our 
procedures as a true member of a certain protein fami-
ly, annotation about the potential function, active sites, 
cofactors, binding sites, domains, subcellular locations 
is added to the entry. The main source of the annota-
tion is compiled by extracting the annotation that is 
common to all SWISS-PROT entries of the relevant pro-
tein family. Other sources include manual descriptions 
of protein families and translations of trustworthy 
description libraries into SWISS-PROT wording. For 
example, there is a '/SITE=9,heme_iron' description 
for the cytochrome_b_heme pattern in PROSITE. This 
is translated to the correct SWISS-PROT syntax "FT 
METAL nn nn IRON (HEME AXIAL LIGAND) (BY 
SIMILARITY)" . 

In other words, for every protein family, a "virtual 
SWISS-PROT entry" is created computationally, which 
is based on the specific annotation valid for all SWISS-
PROT members of this family. If we are sure that a new 
SP-TrEMBL protein belongs to a certain family, we can 
immediately transfer the annotation of the virtual 
entry for this family. 

The "virtual SWISS-PROT entries" have a far-reaching 
effect on SP-TrEMBL. For example, the virtual entry for 
Rubisco affects 2,033 SP-TrEMBL entries. Therefore we 
developed a system to decompose these virtual entries 
into rules, which are stored in a relational database 
with proper version control features. 

This rule-based system enables us to express the mem-
bership criteria for each protein family in a formal lan-
guage. Furthermore, subfamilies have been introduced 
to meet the SWISS-PROT standard more closely. For 
example, the ribosomal protein L1 family contains 



eukaryotes as well as prokaryotes. But the annotation 
added to SP-TrEMBL entries of this family obviously 
depends on the taxonomic kingdom. The description 
reads '50S RIBOSOMAL PROTEIN Ll' for prokaryotes, 
archaebacteria, chloroplasts, and cyanelles, and '60S 
RIBOSOMAL PROTEIN LlON for non-chloroplast 
encoded proteins of eukaryotes. 

We also use the ENZYME database, using the EC num-
ber as a reference point, to generate standardised 
description lines for enzyme entries and to allow infor-
mation such as catalytic activity, cofactors and relevant 
keywords to be taken from ENZYME and to be added 
automatically to SP-TrEMBL entries. Furthermore we 
use specialised databases like Flybase and MGD to 
transfer information like the correct gene nomencla-
ture and cross-references to these databases into SP-
TrEMBL entries. The automatic analysis and annota-
tion of TrEMBL entries is redone and updated with 
every TrEMBL release. 

The Hinxton Outstation 

The future of annotation in TrEMBL 

Central to our efforts to further automate the annota-
tion of protein sequences is EDITtoTrEMBL (Environ-
ment for Distributed Information Transfer to TrEMBL), 
a system that enables the inve8tigation of different pos-
sibilities to share and deduce biological information 
(Figure 2). This new automated annotation environ-
ment is implemented in Java and facilitates communi-
cation between programs using Remote Method 
Invocation. EDITtoTrEMBL allows us to distribute the 
annotation process on different machines and to inte-
grate programs that are available on specific platforms 
only. We will embed software in this environment to 
automate and combine similarity searches, motif 
searches, special sequence analysis tools, and the trans-
fer of verified information from related biomolecular 
databases. The central components of EDITtoTrEMBL 
are the so-called Dispatchers and Analyzers. The 
Dispatcher is a program that allows a supervised infor-
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mation flow by distributing analysis tasks to different 
Analyzers and by combining their output. Both com-
ponents take advantage of a rule-based system, where 
rules are either manually created representing biologi-
cal knowledge or are the result of careful data-mining 
in SWISS-PROT to predict in a standardized way the 
functional properties of TrEMBL entries. The rule-
based system consists of a growing number of rules 
and hierarchical classifications of the annotation con-
tent of SWISS-PROT entries, where all nodes in these 
hierarchical trees are linked to certain annotation. The 
rules consider the sequence analysis results to decide 
to which node(s) in the classification tree(s) the query 
sequence is sufficiently similar to and this subsequent-
ly leads to the incorporation of the appropriate annota-
tion Oinked to the node) in the TrEMBL entry. The 
incorporated annotation is flagged as annotation based 
on sequence analysis methods and will be redone 
whenever a method or the annotation used as the basis 
for the automated annotation of this entry change. The 
rule-based system ensures that we add information 
based on our automatic analysis to TrEMBL entries 
only if we are convinced that the computer-generation 
creates correct annotation in more than 99% of the 
cases. 

With this annotation concept of SWISS-PROT + 
TrEMBL, we try to combine the strengths of annotation 
carefully done by human experts with biological 
knowledge and after consultation of the relevant litera-
ture and thorough sequence analysis with the power of 
automation of sequence analysis and computer-gener-
ation of annotation. Since the predicted annotation 
assignments and the assignments based on hard exper-
imental evidence are clearly distinguishable, we pres-
ent in TrEMBL highly reliable though putative func-
tional predictions, without lowering the high editorial 
standards of the SWISS-PROT entries. 

Publications during the year 

Apweiler, R, Gateau, A, Contrino, S., Martin, M.J., 
Junker, v., O'Donovan, c., Lang, E, Mitaritonna, N., 
Kappus, S. & Bairoch, A (1997). Protein Sequence 
Annotation in the Genome Era: The Annotation 
Concept of SWISS-PROT + TrEMBL. In: Proceedings of 
the Fifth International Conference on Intelligent 
Systems for Molecular Biology (lSMB), Gaasterland, T., 
Karp, P., Karplus, K., Ouzounis, c., Sander, C. & 
Valencia, A (eds.), pp. 33-43, Halkidiki, Greece 
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Macromolecular Structure Database Group - MSD 

Team Leaders: G.J. Barton*, P. McNeil 

Scientists: K. Henrick, P. Keller, S. Moodie, A. Bruyns 0 

Scientific Advisor: J. Thornton 

The goal of the MSD group is to develop a European 
resource for data on macromolecular structure. The 
long-term aim is to integrate structural data intimately 
with data on DNA and protein sequences currently 
stored in the EMBL and SWISS-PROT /TrEMBL data-
bases. The MSD team was created during 1996 follow-
ing the appointment of Phil McNeil as head of the 
group. The group collaborates closely with the Protein 
Data Bank (PDB) at Brookhaven National Laboratory 
(BNL) in the USA, which currently manages the only 
database of protein macromolecular structures. MSD 
also collaborates with the Nucleic Acid Database 
(NDB) group at Rutgers University, USA, and provides 
a mirror of that database at EBI. For full information on 
MSD Group activities, including documentation on 
data harvesting, clean-up and quaternary structure 
projects, see: http://www2.ebi.ac.uk/msd/ 

Mirroring the PDB WWW site at EBI 

As part of our collaboration with the BNL-PDB, over 
the last year a full mirror of the BNL-PDB WWW site 
has been established at the EBI. This proved a particu-
larly challenging task since the site at BNL had not 
been designed with the aim of being exported. As a 
consequence, considerable effort had to be made by 
Kim Henrick at the EBI to establish the stable mirror. 
The experience gained in setting up the EBI mirror has 
enabled the BNL-PDB to establish mirrored copies of 
the PDB at other sites around the world, thus speeding 
access to the protein structural data. The EBI mirror is 
one of the most heavily accessed resources at EBI. 

Deposition of data 

In 1998, the EBI was established as the first deposition 
site for protein macromolecular structure data outside 
the USA. The deposition service started on January 4, 
1998, and after some teething problems in the first few 
days, the system now processes approximately 50 sub-
missions/month. Initial processing is performed at 

EBI, then the submissions are forwarded nightly to the 
BNL-PDB for final checking and release. The key to 
this service was porting the AutoDep2 system devel-
oped at BNL-PDB to the EBI computer systems. 
AutoDep2 is a complex network of over 100 interlock-
ing Perl, C, and Fortran programs. As with the PDB 
WWW site, the software suite was not developed with 
the aim of being exported, so porting the system to the 
EBI was a non-trivial task. Furthermore, AutoDep2 is 
an evolving software suite. In order to make sure that 
the EBI deposition site is always synchronised with 
that at BNL, an elaborate mirroring protocol had to be 
developed to isolate site-specific from portable files. 
This required significant development work by Kim 
Henrick to make the system work. The contribution of 
EBI staff to the AutoDep2 systems has enabled BNL-
PDB to consider establishing a second deposition site 
at the Protein Research Institute, Osaka, Japan. 

Data Harvesting 

The WWW-based AutoDep2 deposition tool requires 
the structural biologist to carry out between 400 and 
900 operations to deposit a structure. A goal of the EBI-
MSD is to collect more information from depositors 
than is currently stored in PDB files. This will enable 
the molecule studied and the method used to deter-
mine the structure to be described fully in the database. 
Asking depositors to complete yet more forms is unac-
ceptable, and so the concept of Data Harvesting has 
been developed at EBI. 

In the Data Harvesting model, each program in the I 
structure determination process saves information into 
deposition files. At deposition, the collection of files is 
uploaded to the deposition centre (e.g. EMBL-EBI) and 
only missing data, or data that could not be known to 
a program are requested from the depositor. The inter-
nationally agreed mmCIF format is used to store the 
deposition data since this includes a dictionary of 
defined terms and has an agreed mechanism for 

285 



EMBL 1997 Research Reports 

extending the dictionary as new terms are required. 
Prototype harvesting software has been developed for 
the CCP4 suite of programs and is available on the 
MSO group WWW pages. The Data Harvesting con-
cept has been supported enthusiastically by the BNL-
POB and NOB and has the full support of CCP4 and 
other software developers. 

Quaternary Structu:e File Server 

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 pres-
ence of a quaternary state is important in the under-
standing of a protein's biological function. However, 
this information is not available in the BNL-POB files. 
The quaternary structure database developed at EBI 
over the last year is a unique Internet resource that 
makes available coordinates for likely quaternary 
states for structures contained in the BNL-POB that 
were determined by X-ray crystallography. 

PDB clean-up 

The POB format has evolved over 25 years at BNL-POB 
to handle new experimental techniques, to represent 
existing information more systematically, and to 
archive more detailed information. In older files, 
experimental information is often described in blocks 
of free-format text written by annotators at the BNL-
POB. This means that it is difficult to write a program 
to parse aU BNL-POB files accurately. In addition to the 
evolving format problems, there are a number of dif-
ferent types of errors present in the files. The errors 
include: 1. Spelling errors and typos. 2. Inconsistencies 
within an entry, for example between the sequence 
shown in SEQRES and ATOM records. 3. Between-
entry inconsistencies: for example, the common name 
for Gallus gallus is sometimes given as Hen and some-
times Chicken. 4. Semantic errors: for example, a 
CONECT record that defines a bond between two 
atoms that cannot exist. If we are to develop an effec-
tive macromolecular structure database, then these 
errors and inconsistencies must first be repaired. The 
POB clean-up process aims to repair all problems with 
existing POB files. The result of the clean-up will be 
made available to BNL and the general community as 
POB format files as well as in other formats such as 
mmCIF. As the examples suggest, the task is not trivial 
and requires a carefully engineered system to track and 
complete the necessary changes. 

Clean-up database schema 

Over the last year, a strategy for the clean-up has been 
developed. The objective has been to develop a robust 
system based on industry-standard database develop-
ment techniques. The clean-up system includes two 
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relational databases. The MSO Archive will be the final 
repository for macromolecular structure data at the EBI 
from which POB format or other files may be generat-
ed. The MSO Archive will include information not nor-
mally associated with POB files, as well as sharing fea-
tures from other EBI databases. For example, the 
archive makes use of the same schema for the NCBI 
taxonomy as is applied in the EMBL Nucleotide 
Sequence Database. In order to separate problems of 
parsing POB files from cleaning of the data, an inter-
mediary archive, the POB Archive has been designed. 
POB files are first parsed and loaded into the POB 
Archive, an Oracle database. At this stage, no cleaning 
of the data is performed. Data are read from the POB 
Archive, cleaned, then saved in the MSO Archive. The 
cleaning process is under the control of a bookkeeping 
system that tracks which changes have been made to 
which data and why. Cleaning may be completely 
automatic, but normally the process is partly automat-
ed with ambiguities resolved by a human operator. So 
far, the software systems to clean bibliographic and 
sequence sections of the POB files have been imple-
mented. Annemie Bruyns has been classifying POB 
REMARK records by hand as a prelude to the semi-
automated clean-up. 

Future developments 

The immediate priority is to complete the system to 
perform the clean-up of BNL-POB files. This develop-
ment has slowed a little with the departure of Stuart 
Moodie from the MSO team, but Peter Keller has taken 
over some of this job and has implemented the system 
for processing sequence data. Since the basic design 
work for the system is now complete, once the group is 
back to full strength it should be possible to complete 
this task in a reasonable time. To date, work has con-
centrated on aspects of structures determined by X-ray 
crystallography. With the arrival of NMR spectro-
scopist John lonides in March, the group will have the 
necessary expertise to look at problems of cleaning and 
storing structures determined by NMR. This expertise 
will be important for the development of the Data 
Harvesting protocols for NMR experiments. In the 
longer term, the groundwork now being performed in 
the MSO group will position the EBI well to cope with 
the expected flood of macromolecular structures over 
the coming years. Structures will come at an increased 
rate from conventional laboratories, but also from 
large-scale factory style structure determination 
efforts. The EBI Data Harvesting protocol is particular-
ly well suited to this challenge, and has the bonus of 
allowing more effective validation of deposited coordi-
nates than is currently possible. The integration of the 
MSO with data on genome sequence and protein func-
tion and quaternary structure will make the MSO 
archive a unique resource for structure/function stud-
ies. 
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EBI Database Applications Group 

Team Leaders: M. di Tommaso*, P. McNeil* 

Senior analyst/programmer: N. Redaschi 

Database programmers:S. Contrino, J. Hybel, 1. Landeman*, M.-J. Martin, C. Merino-Camerinero*, K. Kruszewska, 
B. Marx* 

The role of the Database Applications Group is to sup-
port the database activities of the Service Programme 
at the EBI. The principal databases are the EMBL 
Nucleotide Sequence Database, SWISS-PROT (together 
with its supplement TrEMBL, the Translation of EMBL 
Nucleotide Sequence Database) and the Macromole-
cular Structure Database (MSD), although there are, in 
addition, several smaller databases, e.g. The Radiation 
Hybrid database (RHdb) and the ImMunoGeneTics 
database (iMGT). These databases exist in a number of 
different .formats; some are still flat-file based, others 
are in relational database management systems 
(RDBMS) such as Oracle and Sybase. 

The major activities of the group are administering the 
RDBMS, developing and maintaining applications to 
access the databases, and providing support and 
advice to the EBI staff who use them. The applications 
include tools used by curators to annotate the databas-
es as well as tools used to input, extract and distribute 
data. Improved data modeling and the creation of a 
common model to facilitate integration and interoper-
ability of the databases is becoming an increasingly 
important part of the group's activities as more of the 
databases are moved into the RDBMS and external 
services based upon them are developed. 

The group has historically provided centralised soft-
ware support for the EMBL Nucleotide Sequence 
Database. For the SWISS-PROT Group, support has 
mainly been related to TrEMBL production. The MSD 
Group has so far carried out its own software develop-
ment, but as the MSD database is being loaded into 
Oracle, support is provided. 

For most of the review period, the Applications Group 
was managed by Matteo di Tommaso. Phil McNeil 
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assumed responsibility in August 1997, although that 
responsibility was shared with his previous position as 
head of the MSD Group until January 1998. 

Database administration 

The main RDBMS used at the EBI is Oracle, although 
Sybase is also installed (mainly for mirroring databas-
es from other locations, e.g. the Nucleic Acid Data-
base). The Nucleotide Sequence dDatabase has been 
maintained in Oracle for many years. The other major 
databases are still in flat-file format, although modifi-
cations to the database structure to accommodate 
TrEMBL data have already been made; there are plans 
to migrate SWISS-PROT into Oracle, and the Oracle 
MSD database is currently being populated with data 
from Protein Databank (PDB) files. 

Major changes in the recent past: 

- The Nucleotide Sequence Database schema 
(database design) was completely revised. 

- Operations were moved from Open VMS to UNIX. 

- Oracle was upgraded from version 6 to version 7. 

These changes were by no means trivial because they 
involved not only a re-design of the database and 
migration of the data to the new system but also a com-
plete re-write of the accompanying tools and pro-
grams. The impact of these changes on the nucleotide 
sequence database is discussed in more detail below. 

In the coming year, the major challenges will be to han-
dle the ever-increasing input of data and the provision 
of external services that can access the RDBMS direct-
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ly. It is essential that security, confidentiality and per-
formance must be maintained at a high level. Also, as 
more complex data (e.g. 3D structures) are now being 
stored, a move to Oracle 8, the object-relational version 
of the DBMS that provides for complex datatypes is 
planned. Improvements to the data model to enhance 
interoperability between the databases will also be 
made. 

Support for the Nucfeotide Sequence 
Database 

The major components of the Nucleotide Sequence 
Database are: 

- The Oracle database itself. 

- The load/unload system for moving data between 
EMBL, Genbank, DNA Database of Japan (DDBJ), 
Patent Office and genome projects files, external 
services, remote sites and the Oracle database. 

History tracking for recording changes to the data 
base. 

- IDEA-the Oracle forms based application for 
annotator editing of the database information. 

- DIRSUB-the tracking system for submission 
receipts, submitter information and letters to 
submitters. 

- The WebIn tool for accepting submissions via the 
World Wide Web (WWW). 

All of these components had to be completely rebuilt 
as part of the system migration described above 
(although WebIn is a completely new development). 
The data migration, load/unload system and WebIn 
have been completed. Work on the other tools is near-
ing completion but has been greatly hampered by the 
departure of three of the most senior members of the 
group during the third quarter of 1997. Recruiting suit-
able replacements has proved very difficult and other 
members of the group have had to take over the work 
and learn new skills. Efforts will be concentrated on 
completing these tasks as soon as possible. 

Substantial effort was directed into redesigning the 
relational schema. The two main objectives were to 
overcome inefficiencies that arose as a consequence of 
the enormous increase in data volume and to achieve a 
tight integration of nucleotide and protein sequence 
data. An object-oriented view of the relational schema 
was implemented in C++ and used to create class 
libraries that are utilised by the new load/unload pro-
grams. 

The new Oracle7/Unix database offers many advan-
tages over the old Oracle 6/0penVMS database, 
including: 

- . Full versioning of all changes. 

Improved performance and more efficient storage 
allowing the growing volume of data to be handled 
more effectively; e.g. better quality control of the 
feature table is now possible and synchronisation of 
data with Genbank and DDBJ has been improved. 

Potential access to the database from the WWW and 
direct internal access from any platform (e.g. SUN, 
Digital Unix, Windows 95, etc.). 

- Support for constructed sequences; the new schema 
fully supports having sequences which are 
constructions of other sequences in the database. 

- The schema allows the possibility of third party 
annotation. 

Support for SWISS-PROT and TrEMBL 

Other achievements of the group over the review peri-
od were the introduction of nucleotide (NID) and pro-
tein (PID) sequence identifiers and of a common tax-
onomy (as maintained by NCB!) to the database. 

WebIn has proved to be a major success. Over 70% of 
new submissions are now made using this tool (the 
remainder come bye-mail or on floppy disk). It guides 
the user through a sequence of WWW forms allowing 
the submission of sequence data and descriptive infor-
mation in an interactive and easy way. It also allows 
multiple sequence submissions from the same author 
to be made quickly and conveniently. For stand-alone 
submissions the multi-platform Sequin tool developed 
by the NCB! has been made available to submitters. 

Because of the ever-increasing amount of data being 
submitted to the three database centres, an important 
aspect of the group's work has been the development 
of automated procedures for exchanging data daily 
with Genbank and DDBJ. Also important, in this con-
text, are the systems developed in collaboration with 
the Sanger Centre to keep automatically up to date 
with data coming from its high throughput genome I 
sequencing projects. This allows early public access to 
prelimary genome data. These systems have been 
developed in such a way that they can easily be adapt-
ed for use by other sequencing centres. 

The SynCron package was developed in collaboration 
with Reinhard D6lz of Sandoz Pharmaceuticals (now 
Novartis) to automatically propagate updates of the 
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Nucleotide Sequence Database (in flat file format) to 
copies of the database held at remote sites. 

In the coming year, improvements to the database to 
reflect whole genomes will be important; for example, 
the new schema supports constructed sequences and 
the building of such constructs will be carried out. 

Support for SWISS:PROT 

The Applications Group has been supporting the 
SWISS-PROT Group in the development of the 
TrEMBL database. TrEMBL consists of computer-anno-
tated entries in SWISS-PROT format derived from the 
translation of all coding sequences (CDS) in the 
Nucleotide Sequence Database, except for CDS already 
included in SWISS-PROT. The program that produces 
TrEMBL is written in C and makes use of a library of 
routines originally written by Thure Etzold (a Group 
Leader in the Research Programme of the EBl). This 
program has been constantly updated and improved 
by members of the Applications Group during the 
review period. The Applications Group has developed 
additional programs and scripts used in the building of 
both cumulative (weekly) and full releases of TrEMBL. 
Other developments include programs which post-
process entries to remove redundancy and to add 
information from other databases (PROSITE and 
ENZYME) and improvement of automatic annotation. 
Development of additional processing further to 
reduce redundancy is being carried out in collabora-
tion with the group of J.-J. Codani from INRIA, France. 
Interactive support and advice is provided to the 
SWISS-PROT curators as required. 

In the coming year, the major effort will be to further 
the migration of SWISS-PROT and TrEMBL into 
Oracle, leading to synchronisation and integration 
with the Nucleotide Sequence Database. 

Interaction with Research and Development 

In collaboration with the R&D Group, the Applications 
Group has produced an object-oriented model of the 
biological information handled by our databases, 
using an internationally accepted standard, the Unified 
Modeling Language (UML). Such a model provides a 
much better view of the underlying biology than those 
traditionally used to build relational databases, 
although the mapping from object model to relational 
implementation is not trivial. It also provides a basis 
for building production services utilising the Common 
Object Request Broker Architecture (CORBA) stan-
dard, based upon the proto typing work already car-
ried out by the R&D Group. Members of the 
Applications Group are now working closely with the 
R&D Group to implement such a service. There are still 
a number of technical problems to overcome and 
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because the CORBA approach allows direct access to 
the underlying RDBMS, we have to ensure that the 
security and integrity of the database are not compro-
mised. A potentially greater problem is the attitude of 
the major RDBMS companies to database access via the 
WWW. Their current licensing regime is punitive and 
we are currently trying to negotiate a solution. 

BioImage 

The EBI is a non-funded partner in the EU Bioimage 
project. This collaboration between seven groups aims 
to develop a flexible and searchable database of multi-
dimensional images of biological "volumes", which 
could be made available to the general scientific com-
munity. The role of the EBI is to provide consultation 
on technical aspects of database design, interaction 
with other databases and scientific input on macro-
molecular structure data. 

Publications during the year 
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Research and Development Group 

Team Leader: P. Rodriguez-Tome 

Predoctoral fellows: K. Jungfer, A. Spiridou 

Staff: P. Lijnzaad, J. Parsons 

Visitors: C. Helgesen 

RHdb 

Since the beginning of 1995, we have been working on 
a radiation hybrid mapping database (RHdb), contain-
ing experimental results and mapping information. 
The radiation hybrid mapping project is an interna-
tional collaboration between genome centres. A huge 
amount of data has been produced, the purpose being 
to use it to build a complete map of the human 
genome. Other genomes are following (mouse began at 
the end of 1997, in collaboration with the Jackson 
Laboratories and a European consortium). Access to 
the data is provided through a web server. Statistics are 
automatically generated nightly. Various clients allow 
the querying of the database. 

There is a need for an effective mechanism capable of 
searching this database in relation with the nucleotide 
and protein databases using complex queries. Data 
analysis and mapping software should be able to 
directly access the database through the network. 

There is no unique solution to these problems. Each 
step of the project needs a different approach. But we 
should never forget to consider the whole project and 
put the different parts into perspective. At the EBI, we 
have decided to use a common tool to model all our 
databases and analysis procedures. This allows us to 
view the relations between the different parts and to 
reuse solutions developed by other teams. The imple-
mentations of these various parts may be very differ-
ent, but they do not interfere with the overall view. 

CORBA 

It is important to integrate data and programs without 
creating a heavy system. For this integration we have 
decided to use the CORBA technology, developed in 
the computer science world. CORBA (Common Object 
Request Broker) is a communication standard between 
client and server. The goal of this standard is to ease 
the development of distributed applications in hetero-
geneous systems: this is exactly our problem with bio-

logical databases and software. We wish to keep this 
freedom in using the best tool to solve the problem at 
hand. Thus we need tools to communicate. 

RHdb and CORBA 

We have used the Radiation Hybrid database to evalu-
ate the CORBA technology. We have developed a 
CORBA server to allow access to the database. Clients 
have also been developed for use from anywhere on 
the network, provided, of course, that the site has 
im:talled an ORB (Object Request Broker), the toolbox 
which implements the CORBA protocol. By using a 
free ORB for the academic comunity, we can freely dis-
tribute our clients. 

Because we want to be able to communicate between 
databases, we are working in collaboration with a 
group in France at Infobiogen, the French EMBnet 
node. The group at Infobiogen maintains the 
HugeMap database, a database of genetic and physical 
maps of the human genome. Our goal is to provide the 
tools to allow users to query both databases (RHdb and 
HugeMap) as if they were only one. 

These projects are allowing us to fully understand this 
technology. In 1997 we have begun to apply this 
knowledge to the EMBL Nucleotide Sequence Data-
base: a server that allows fine grain query access is 
being developed. Example clients are also developed. 
A workshop is planned to introduce our colleagues 
from the EMBnet nodes to our server and collaborate 
with them in producing the clients the user communi-
ty will need. 

The BioCatalog 

The group is in charge of the maintenance and distri-
bution of the BioCatalog, which lists information rele-
vant to software of general interest for molecular biol-
ogists. The BioCatalog is available from the WWW and 
FTP servers at the EBI. 
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EMBL Nucleotide Sequence Database (NSD) 

EMBL Database Manager: G. Stoesser 

Group members: W. Baker*, S. van den Broek, S. Cliff*, K. Duggan*, M. Garcia Pastor, A. Leyen*, V. Martin*, 
M. McGowran, G. Oestreicher*, S. Rose, P. Sterk, M.A. Tuli, S. White 

The EMBL Nucleotide Sequence Database is part of the 
International Nucleotide Sequence Database Colla-
boration, which consists of the DNA Data Bank of 
Japan (DDBJ), GenBank at NCBI and the EMBL 
Nucleotide Sequence Database at the EBI. Each group 
collects part of the sequence data reported world-wide. 
Data is exchanged on a daily basis to provide optimal 
synchronization. This strong and successful collabora-
tion is based on daily interactions between database 
staff as well as working visits of individual staff mem-
bers amongst the databases. 

Annual meetings of database representatives provide a 
forum for technical discussions concerning detailed 
aspects of the work. In 1997 the Collaborative Meeting 
was held at NCBI (National Center for Biotechnology 
Information) at the National Institute of Health (NIH), 
Bethesda, USA. 

One recent major collaborative project resulted in a 
unified taxonomy across the databases, used for the 
maintenance of genetic codes important for the correct 
translation of coding sequences. 

An ongoing project is the Feature Table and according 
documentation detailing the format and definitions of 
the biological annotation used in common by the 
International Nucleotide Sequence Database Colla-
boration in the creation and maintenance of DDBJ, 
EMBL and GenBank sequence records. Annual ver-
sions of the International Feature Table Definition 
Document are produced and maintained at the EBI. 
Version 2.0 of the Feature Table documentation was 
created at the EBI and made available from the EBI 
WWW and FTP servers in December 1997. 

Improved data acquisition 

The recent increase in data volume is a direct conse-
quence of the major genome sequencing projects. 

Other sources of data are direct submissions from 
authors and patent data from the European Patent 
Office (EPO). 

Genome Project Data 

Automatic procedures to allow the direct submission 
and incorporation of such data have been developed 
and are in place to accommodate new projects easily. 
Submission accounts are established with the EBI, a 
procedure which has demonstrated itself to be flexible 
and efficient both for the research groups and for data-
base staff. Each submission account is 'curated' by EBI 
biologists serving as an informed liaison between the 
sequencing group and the database. 

A Genome Monitoring Table showing progress of a 
number of large genome projects is updated on a 
weekly basis 

HTG-High Throughput Genome Sequence Data 

To make 'unfinished' genomic sequence data rapidly 
available to the scientific community, a new division 
for High Throughput Genome Sequences (HTG) has 
been created. In collaboration with the Sanger Centre, 
human and C. elegans High-Throughput Genome 
Sequence data are automatically collected as FastA for-
mat files on a daily basis from the Sanger Centre FTP 
server. By checking a status file containing all the 
necessary information to create or update an EMBL 
HTG entry, the sequences are retrieved from the server, 
and flat files are generated and loaded into the data-
base. 

Patent sequence data 

The EMBL Database, in an ongoing collaboration with 
the European Patent Office, has been processing a 
'backfile' of European patent documents in order to 
extract sequence data and incorporate them into the 
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Patent Literature 

Data acquisition 
and exchange: 
the three collabo-
rating databases 
exchange data 
on a daily basis. 

International Nucleotide Sequence Databases: 
DDBJ / EMBL / GenBank 

public sequence databases. The EPO/EMBL Backfile 
project included patent documents from 1960 to 1993, 
and has been finished with >25,000 protein and 
nucleotide sequences recovered. After completion of 
the Backfile project, the EMBL Database is now collab-
orating with the EPO on the inclusion of frontfile data 
consisting of patent applications required in electronic 
form by the EPO since September 1993. Software and 
automatic procedures have been created and are now 
in use to process and integrate sequence data from 
recent EPO patent applications. EPO's policy is to 
release data to the public (and to EMBL) 18 months 
after the patent application date, independent of 
whether a patent has been granted or not. Immediately 
after release by the EPO, the latest patent sequence 
data are integrated into the EMBL database and made 
available to the public. 

Direct submissions 

Due to the now standard practice among researchers of 
submitting their data directly to the database, there has 
been an unprecedented reduction in the delay between 
determination of a sequence and the appearance of 
that sequence in the database compared to earlier 
years. A new sophisticated sequence submission tool 
became available from the EBI during 1997. Web in, the 
EBI's new WWW Sequence Submission system, has 
been designed and developed by Katarzyna 
Kruszewska and Guenter Stoesser. Webin guides the 
user through a sequence of WWW forms allowing the 
submission of sequence data and descriptive informa-
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tion in an interactive and easy way. All the information 
required to create a database entry is collected during 
this process. 

Since its release in June 1997, WebIn has quickly 
become the preferred data submission tool -currently 
more than 70% of all direct submissions to the EMBL 
Database are received via WebIn. 

Further developments 

* New GSS division-new division for genome survey 
sequences (GSS) 

* New nucleic acid identifier (NI)-a new line type NI 
containing an identifier for each nucleic acid sequence 
has been introduced. As long as the sequence remains 
the same, so will the value of this identifier. 

* New protein identifier (PID)-PIDs have been 
designed and implemented to identify exact protein 
translations for a coding region (CDS)-and for full 
functionality need to be maintained collaboratively 
and be portable amongst databases, thus giving access 
to an exact version without tying the user to one of the 
collaborative databases. This identifier remains the 
same as long as the translation remains the same. It can 
therefore be used by external databases (such as 
SWISS-PROT) as an identifier onto which cross-refer-
ences can be built. 



* New Production Environment-Technical changes 
with some effect on the way the EMBL Database is 
maintained: Oracle RDBMS update, SQL *Forms 
update, move from VMS to Unix platform. 

Future plans and developments 

The major goal will be to manage the growing amount 
of data and to maintain an up-to-date complete 
dataset. Links (cross-references) to value-added exter-
nal databases will be expanded. 

Constructed sequences are a way of representing long 
sequences such as complete genomes. A new division 
(CON) will contain entries including information 
about how the construct sequences are built from their 
components. An experimental representation of con-
structed sequences is available from the EBI FTP serv-
er. 

Subsequent annotations to database entries not sub-
mitted by the original sequencing group are referred to 
as third party annotations. Initial submissions of 
genome data by sequencing projects include prelimi-
nary gene annotations based on gene prediction pro-
grams. The underlying information concerning meth-
ods used and matches found is not currently available 
to the user community. Discussions between represen-
tatives of the major species-specific databases and 
EMBL at the "Interconnections of Genome Databases" 
Meeting in Les Treilles (France, 1997) suggested that 
genome annotation should be maintained by the com-
munity-in particular the community databases (e.g. 
Flybase, SeD, etc.). The sequence database can then 
link via /db_xref from a given CDS feature to the cor-
responding external up-to-date annotation and meth-
ods/matches database information. These issues are 
explored further in ongoing discussions and meetings 
between major species-specific databases and the 
EMBL Nucleotide Sequence Database. 

Publications during the year 

Kruszewska, K., Stoesser, G. (1997). New sequence 
submission systems at the European Bioinformatics 
Institute. EMBnet News, 4 

Stoesser, G., Sterk, P., Tuli, M.A., Stoehr, P.J. & 
Cameron, G.N. (1997). The EMBLNucleotide Sequence 
Database. Nucl. Acids Res., 25, 7-13 

Stoesser, G. (1997). Accessing new sequence data at the 
EBI. Genome Digest, 4, 15 
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Stoesser, G. (1997). Europe's primary nucleotide 
sequence resource at the EBI. Biotech. Knowledge 
Resources, 10,3-5 

Stoesser, G. (1997). Current developments in the EMBL 
Nucleotide Sequence Database. Bioinformer, 2 

Other publications 

Stoesser, G., Moseley, M.A., Sleep, J., McGowran, M., 
Garcia-Pastor, M., Sterk, P. (1998). The EMBL 
Nucleotide Sequence Database. Nucl. Acids Res., 26, 8-
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THE EBI INDUSTRY SUPPORT PROGRAMME 

Programme Coordinator: P. Zanella 

Scientific and Technical_Coordinator - Associates: T. Flores*, J. Coppieters* 

Scientific and Technical Coordinator - Affiliates: D. Starks-Browning 

Scientists: A. Brazma, C. Dodge, M. Eldridge, D. Hansen, P. Maccallum, J. Muilu, J.-J. Riethoven, A. Robinson, 
M. Senger, T. Slidel, T. Thanaraj 

Assistants: B. Holle, M. Munzittu, D. Sanders 

Additional support: P. Rodiguez-Tome (Services R&D), M. di Tommaso (Database Applications), G. Stoesser 
(EMBL Database) 

The Industry Support Programme (http://industry.ebi. 
ac.uk/) has been in place for almost two years. It was 
expanded further by the addition of new initiatives, 
aimed at industry, which were not targeted during the 
first two years. 

While the 'Associates' project is aimed towards phar-
maceutical companies, the new 'Affiliates' project is 
targeting the bioinformatics needs of the smaller 
biotech companies and other 'small to medium enter-
prises' (SME's). 'Partnerships', on the other hand, 
allow for more focused research projects to be defined 
between a small number of pharmaceutical companies 
and groups at the EBI. 

Knowledge and technology transfer is a prime concern 
for the pharmaceutical industry due to the continued 
shortage of staff trained in bioinformatics. So a large 
proportion of the Industry Support Programme staff 
efforts were assigned to tasks related to education and 
information transfer. 

Associates 

The Associates project, funded by the BioStandards 
grant, continued its work in much the same way as the 
first year. While one member was lost because of the 
merger of 2 associates (Sandoz and CIBA), a new mem-
ber quickly filled the vacant place: Monsanto 
(USA/Belgium) . 

The major areas of focus in the project are technology 
transfer / education and the development of pre-com-
petitive software prototypes that promote standards. 
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Technology transfer, training and 
communication 

The workshops have been one of the most welcomed 
deliverables of the Programme. In 1997, nine work-
shops were organised (Table 1). The organisation was 
facilitated by the availability of the conference centre 
and training room on campus, since summer 1997. 

Table 1: Workshops 

SRS Programming and Installation 

SRS for Users 

CORBA in Bioinformatics 

Introduction to Parallel 
Programming and High Performance 
Computing Workshop 

Introduction to Data Mining and 
Visualisation Workshop 

SRS5 Workshop 

Workshop on Common Object 
Request Broker Architecture 

Methods for Protein Structure 
Prediction: Progress and Limitations 

WWW Interface to GCG and 
Development and Integration of 
Additional Sequence Analysis Tools 

1 to 4 December 1997 

27 to 28 November 1997 

10 September 1997 

30 June to 4 July 1997 

29 May 1997 

7 to 9 May 1997 

3 to 5 March 1997 

10 and 11 February 
1997 

21 and 22 January 1997 



With the availability of the conference centre, the 
Industry Programme staff were involved in the organ-
isation of conferences allowing for information 
exchange and discussion between scientists from aca-
demia and industry. Two conferences have been organ-
ised thus far: 

Objects in Bioinformatics '97 (18 to 19 June 1997). 

Frontiers in Visualisation and Human-Computer 
Interaction '97 (10 to 11 December 1997). 

New initiatives in 1997 included the production of a 
quarterly newsletter containing reports on the devel-
opments at the EBI and in bioinformatics around the 
globe. The newsletter is distributed in printed form, as 
well as accessible from the EBI Industry web server in 
electronic form (http://bioinformer.ebi.ac.uk/). 

To gather a better understanding of the needs of the 
industry associates, the quarterly meetings of their rep-
resentatives at the EBI are complemented with visits of 
EBI staff to the Research and Development groups of 
companies participating in the Associate Programme. 
At these visits, the EBI and the work of the Industry 
Support Programme are presented to the company's 
scientists in a series of seminars that is then followed 
by an informal discussion session. 

During 1997, the industry associates voiced their con-
tinued commitment to the Associates Project and 
agreed to continue the collaboration for a further year. 
To allow for the continuation of the Associates project, 
EU funding for a third year was secured in the form of 
an extension module. This allows the current 
BioStandards project to be extended until mid-1999. 

Development and standardisation 

Staff of the Industry Support Programme have pres-
ence in bodies outside of the EBI including representa-
tion on the board of the BioWidgets Consortium and as 
a Co-chair on the Life Sciences Research Domain 
Special Interest Group (LSR-DSIG) of the Object 
Management Group (OMG). 

These organisations promote the use of standards in 
software development and network services. Software 
development in the Industry Support Programme uses 
the methodology and technology proposed by these 
and other standards bodies. 

There is considerable effort being expended in order to 
provide a coherent integrated view of the data main-
tained at the EBI and other sources. However, this will 
not dramatically improve our ability to analyse these 
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data unless good visualisation tools are also provided. 
Visualisation can mean visual representations for nav-
igation of data sets and databases, or digestions of data 
into graphical representations. As part of the visualisa-
tion project, selected prototypes and tools have been 
developed and demonstrated, including a gene muta-
tion viewer. An outcome would be a component toolkit 
for bioinformatics applications. 

Affiliates 

In light of SME's request for staff training and infor-
mation, but not having the means to join the Associates 
Programme and attend the workshops organised at 
EBI, a more cost-effective project was set up. The 
'Affiliates' project gives members access to workshops 
organised by the EBI at cost price and other special 
services. The project was announced in November 
1997 with a proposed launch in January 1998. Several 
companies had signed up before the end of the year 
1997. 

Partners 

To allow for more in-depth research collaborations 
between the EBI and small groups of interested part-
ners from the pharmaceutical industry, the Industry 
Support Programme provides a forum for the EBI to 
present project proposals to the members of the 
Associates Programme. These projects are managed by 
the partnership under a private agreement. To date, 
this has resulted in one partnership project between 
the group of S. Wodak at the EBI and three partners 
from the pharmaceutical industry. 

BioTitan 

There are currently two projects, BioVis and REBDUC 
that have received funding from the EU as part of the 
BioTitan programme: 

BioVis 

The preliminary results of the BioVis project indicate 
that data mining software is well suited for research on 
biological data from a broad range of experiments. The 
results will be published, after a workshop, at the end 
of the project in March 1998. 

REBDUC 

The REBDUC project aims to develop a CORBA-based 
prototype for the replication of data from biological 
databases. The EBI databases will used for this proto-
type. The project is a collaboration between EBI, Smith-
Kline Beecham (UK/USA), and Synaptic (Athens, 
Greece). 
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THE EBI RESEARCH PROGRAMME 

Programme Coordinator: M. Ashburner 

The dramatic growth of data in the field of genomics (in its broadest sense) awaits for nobody. The explosion of 
genomic sequencing from both prokaryotes and eukaryotes continues, with about 20 prokaryotic sequences now 
finished and public and another 50 or so in progress; the second complete eukaryotic sequence is expected in 1998 
(c. elegans) and there is very considerable progress with those of Arabidopsis, Drosophila, Mouse, as well as human, 
with perhaps another 10 eukaryote sequencing projects underway. In addition we have continued to see a rapid 
increase in the number of solved protein structures. But better is to come: in the last year we have seen the launch-
ing of major projects to determine single base-pair polymorphisms in human populations and outstanding progress 
in the technology for analysing gene expression using DNA chips and proteins by ultra sensitive mass-spectrome-
try methods. 

The task of bioinformatics is manyfold. On the one hand it is "simply" to provide ways of archiving these huge 
floods of data in a way that they can be used by the community. This is a large undertaking, but unless it succeeds 
then much of these data will simply not be used to their maximum advantage. On the other hand, it is to develop 
and use tools to analyse these data to provide novel insights into the natural world. There is a general realisation 
internationally that this field is seriously under-resourced, not only in terms of resources for services and research, 
but also for training. There is, however, an even more serious long-term problem, which is to provide all biologists 
with at least a basic knowledge of the methods and tools of bioinformatics, for only with these can the new gener-
ations of biologists use the data. 

The Research Programme at the EBI Outstation has a broad mandate for research and training in the field of bioin-
formatics. Work within the Programme extends from the development of tools for databases to the development 
and application of novel methods for the analysis of biological data. Only by a reasonable spread across the various 
sub-disciplines of bioinformatics can the Research Programme fulfil its mandate and remain at the leading edge of 
this large field. 

Only one new appointment has been made within the Research Programme in 1997, that of Liisa Holm to Group 
Leader. However, we have benefited from several long-term visitors to the Programme, who have added to its activ-
ities. Links between the Research Programme and both the Service Programme and the Industry Partners of the EBI 
are very strong with several joint projects between Industry and the Research Programme. 
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The bioinformatics of genomes 

Group Leader: M. Ashburner 

Scientists: H. Lehvaslaiho, P. Benos, S.M. Sukhaswami 

Visitors: M. Aslett, T. M. Bellgard, C. Harmon, H. Hegyi, S. Letovsky, S. Lewis, B.Y.B. Reddy, M. Wise, 
RG. Zanoni, 

Senior Visiting Fellow: C. Saccone 

Domain ontologies for genomic databases 
(M. Ashburner) 

One of the major challenges facing genomic research 
today is that of integrating sequence data with the vast, 
and growing, body of data from functional analyses of 
genes. One step towards meeting this challenge is to 
design an ontology to represent gene function, and to 
implement this within a genomic database. The advan-
tages that would flow from this are several. One major 
advantage is that if different 'single-organism' data-
bases adopted the same ontology, then the community 
would have a powerful method for exploring the func-
tional aspects of the genomes of several different 
organisms. Another major advantage is that this will 
provide an aide to the discovery of the function of new 
sequences. Genes are expressed in temporally and spa-
tially characteristic patterns. Their products are (often) 
located in specific cellular compartments and may be 
part of one or more multi-component complexes. Gene 
products possess one or more biochemical, physiologi-
calor structural functions. Genes may have more than 
one product and these may be functionally distinct. 
These are all attributes of genes which are of great 
interest to all biologists. Genes have orthologs, para-
logs and functional'homologs' (which mayor may not 
share sequence similarity) in other species, and may be 
assigned by a variety of methods (algorithmic, experi-
mental). We need a way to describe these attributes in 
a rigorous way that will enable biologists to annotate 
genomes and to explore the universe of genomes. In 
the ideal world, sequence (nucleic acid, protein), struc-
ture, and genomic databases would all agree on how 
this should be done. That would promote interconnec-
tions between databases based upon attributes richer 
than sequence or structure. There are several attributes 

of genes that need to be represented systematically. 
These can be illustrated by some of the types of ques-
tion a user might ask of a database: 

Where is a gene expressed?, the spatial problem, 
described in terms of an organism's anatomy. 

What is the (sub)-cellular localisation of a gene product?, 
described in terms of subcellular anatomy. 

When is a gene expressed?, the temporal problem, 
described in terms of an organism's ontogeny. 

What is the function of a gene product?, described in 
terms of a functional classification of gene 

products. 

Of what larger process is the function of a gene's 
product a part?, described in terms of a process 
hierarchy. 

By what processes are a gene's activities controlled?, 
what genes does a gene's product regulate?, described 
by a regulatory hierarchy. 

Of what larger complex is this function a component?, 
described by a parts-list of multi-component (RNA, 
protein, etc.) complexes. 

What genes in species a have the function of gene x in 
species b?, represented by species a and b sharing 
a functional classification of gene products, with the 
necessary links between the databases. 

Working with A. de Grey (FlyBase Group, Department 
of Genetics, Cambridge) the anatomical and temporal 
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ontology is reasonably complete, with about 4,000 
terms. Three classes of relationship between objects are 
represented: ontogenetic (Le. object a develops from 
object b), part-whole (i.e. object a is a part of object b) 
and instance (i.e. object a is an instance of object b). 

Work is now in progress to extend these ideas to onto-
logies of both gene function and biological process. 

Drosophila genome annotation 
(P. Benos) 

A new project has been started within the context of 
the EU funded project to sequence the X chromosome 
of Drosophila melanogaster (the European Drosophila 
Genome Project, EDGP, D.M. Glover, coordinator). In 
addition, M. Ashburner is collaborating with G. Rubin, 
Sima Misra and Suzanna Lewis of the Berkeley 
Drosophila Genome Project in the analysis of an 
approximately 2.7 Mb sequence of chromosome arm 
2L. 

Our responsibility in the EDGP is for the submission of 
the sequenced cosmids to the public databases and for 
their analysis and annotation. In addition, we are pro-
viding public access to our data, as well as services for 
the Drosophila research community. 

Two general algorithmic methods for sequence analy-
sis are being used. The first uses methods to predict 
genes based upon the statistical properties of their 
sequence-genefinding programs. At present we are 
using Green's Genefinder program, having evaluated 
others, including Grail. The second method is by com-
puting matches between our sequences and those in 
the public domain-both Drosophila and other-using 
the BLAST programs. 

- identification and masking of tRNAs (programme: 
tRNAscan-SE) and Drosophila repetitive and 
transposable elements (program: BLASTN; 
sequence sets made and maintained by the EDGP) 

- identification of known Drosophila sequences 
(program: BLASTN; sequence sets made and 
maintained by the EDGP) 

- protein homology searches (program: BLASTX; 
databases: SWISS-PROT and TREMBL) 

- homology searches on expressed DNA (program: 
TBLASTX; database: EST) 

Results of these computations are parsed into a Dro-
sophila-specific ACeDB-derived database (XDrosDB) 
and made available to the collaborators. The annotated 
sequence records for EMBL submission are compiled 
from XDrosDB. 
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As an aide for analytical tools we have created a num-
ber of special Drosophila sequence data sets. These 
include a 'clean' and non-redundant coding sequence 
set (over 1300 genes) for the analysis of codon and 
dicodon frequencies, and non-redundant transposable 
element and repetitive DNA sets for sequence screen-
ing. These data sets are shared with the Berkeley 
Drosophila Genome Project (BDGP) and are available 
to the public from the EDGP FTP server. 

By the end of 1997 about 670 kb of non-redundant 
sequence, all derived from the tip of the X chromo-
some, had been analysed. About 85 genes had been 
found or are predicted, of these 23 had been previous-
ly known, the remainder are novel. This is a gene den-
sity of about one gene per 8 kb. Interestingly this is a 
greater density than is being found in a 2.7 Mb region 
of chromosome 2, which M. Ashburner is analysing in 
collaboration with G. Rubin's group - here the gene 
density is about one gene per 14 kb. Whether or not 
this difference between the X chromosome and an 
autosome is real, or is an artifact either of sampling or 
due to differences in analysis, remains to be deter-
mined. 

There remain very serious problems with the compu-
tational analysis of genomic sequence, even in an 
organism like Drosophila where, by and large, genes are 
relatively small and with few exons. For the X chromo-
some sequence analysis we have been very largely 
relying on the computational analysis itself. This 
requires considerable subjective judgement as to which 
predicted open reading frames to declare as 'genes' 
and in determining the structure of the genes with 
respect to exons and introns. There are, at present, only 
about 30,000 Drosophila EST sequences, and only 13 of 
the 85 predicted genes have supporting evidence from 
ESTs. This situation is improving rapidly, and we hope 
to have available at least 80,000 Drosophila ESTs within 
a year or so. For the analysis of the chromosome 2 
region, with the BDGP, matters are somewhat better, 
because of the extraordinary detail of the genetic data 
available for this region. In addition, the BDGP are 
making a determined effort to obtain full-length cDNA 
sequences of all of the known and predicted genes in 
this chromosome region. It is now very clear that, even 
for Drosophila, a 'complete' set of full-length cDNAs is 
absolutely required for genomic sequence analysis. 

The reporting of annotations of genomic 
sequences 

We have taken the initiative to develop standards in 
the way in which genomic annotations, from high 
throughput projects, are reported in the EMBL submis-
sions. There is great heterogeneity in the ways in which 
this is now done, and this is very unsatisfactory. A 
Discussion Paper written by Suzanna Lewis, of the 



Berkeley Drosophila Genome Project, and M. 
Ashburner is available from: ftp://ftp.ebi.ac.uk/pub/ 
databases/ ed gp /misc / ashburner / Annotation .html 

A human mutation database 
(H. Lehvaslaiho) 

We are building a comprehensive database for human 
genetic variation. The first phases of the project, evalu-
ation and design, have been finished and the main 
results have been published: 

- Public sequence variation databases have been 
collected to a database: 'List of Mutation Resources' 
(MutRes) which is available from the EBI Web and 
FTP servers. 

- The categories of data in existing human mutation 
databases have been identified. 

- Core data structures for describing sequence 
variation have been defined. 

- Terminologies for classifying different types of 
variants have been established. 

- Existing human locus specific databases have been 
collected and an uniform interface for browsing and 
searching has been set up based on Thure Etzold's 
SRS. 

A web site containing these results and a number of 
recommendations for mutation database design has 
been created at: http://www2.ebi.ac.uk/mutations/. 

The work has been done in close collaboration with a 
large number of researchers around the world. In some 
cases the database curators have decided to promote 
the EBI SRS interface as their main distribution medi-
um. The main forum for contacting database curators 
has been the HUGO Mutation Database Initiative. 

In the second phase, the previous activities have been 
continued but emphasis has shifted from collection to 
analysis and validation. A few of the projects that have 
already started are described below. 

A web based tool has been created for researchers and 
database curators to check their data against reference 
nucleotide sequences in EMBL database. The same tool 
is being used to automatically validate existing muta-
tion database entries. The results are linked to each SRS 
mutation entry and written into a new standard format 
database, HuMut. The main problem here is the iden-
tification of reference sequences that are used by data-
bases and determining the exact ways they are used. 

The Hinxton Outstation 

The tool for validation work needs to be made more 
comprehensive. Preparations are under way to extend 
it to manage aligned genomic, cDNA and amino acid 
sequences and tracing the effects of mutations at all of 
these levels. This will be done in collaboration with 
groups already writing sequence database software 
tools at the Hinxtori Campus. 

Both EMBL and SWISS-PROT contain a considerable 
sequence variation information. In collaboration with 
both these database groups at the EBI, slight changes in 
database format are being prepared that will allow 
parsing of variations and cross-linking these in consis-
tent way. 

During the past year there has been a clear shift in the 
way researchers perceive the Human Genome Project. 
Previously, the emphasis has been on seeing that the 
human reference sequence gets done. Now that seems 
to be well under way and applications of data are mov-
ing into focus. The need to collect large numbers of 
Single Nucleotide Polymorphisms (SNPs) for the next 
generation of chromosome maps and for the analysis 
of quantitative traits has been well recognised. SNP 
data must be stored in a way that is useful to all 
researchers and links must be made to other resources 
of sequence variation. 

MitBASE 
(S.M. Sukhaswami) 

The MitBASE project is funded by an EU contract (c. 
Saccone, coordinator). Its objective is to build a com-
prehensive and integrated database of mitochondrial 
DNA sequences and their attributes. The various col-
laborators act at axon-specific nodes; building the data-
base and data integration are done at the EBI. 

This project is a collaboration among researchers work-
ing on the mitochondrial DNA of human, vertebrates, 
invertebrates, protists, fungi, and plants. A pilot project 
for nuclear genes involved in mitochondrial biogenesis 
is also being done. The collaborating nodes are located 
at Bari in Italy, Hinxton and London in England, 
Strasbourg, Gif-sur-Yvette and Roscoff in France, 
Santander in Spain, Ulm in Germany and Amsterdam 
in The Netherlands. 

One major problem that had to be solved was how to 
treat variation in sequence. A variant can be defined as I 
any fragment where nucleotide differences have been 
detected as compared with a reference sequence which 
can be associated to a real individual or a synthetic 
fragment resulting from the consensus between a set of 
sequences. Human and vertebrate data can contain 
mutations associated to mitochondrial pathologies. 
Mutants in fungi have a clear genotype/phenotype 
relationship, unlike human and vertebrate mtDNA 
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variants; unassigned variations could be sequencing 
errors, strain polymorphisms or highly polymorphic 
repeat regions. We have developed formal descriptions 
of variant sequences, which can then be precisely 
annotated. 

In the human mitochondrial DNA, a large number of 
variations exist in a single sequence. These variations 
are associated with about 45 different syndromes, 
many of which are fatal. Individuals affected by the 
syndromes-their geographical origin, linguistic infor-
mation, the clinical features, biochemical tests, protein, 
histopathology-are the clinical information which are 
stored in MitBASE. 

The kinetoplast mitochondrial genome of protists con-
sists of a network of catenated circular DNAs (maxicir-
cles and minicircles). A number of features are anno-
tated in MitBASE, including: rRNA, gRNA (guide 
RNAs), cryptogenes (precursor mRNA which under-
goes RNA editing into a functional messenger RNA), 
editing features, coding sequences, variation, repeats 
and replication origin. 

Gene expression of plant mitochondrial genomes is 
characterised by the following phenomena which are 
stored in MitBASE: RNA editing, trans-splicing, 
promiscuous DNA (originating from nuclear or chloro-
plast genomes) and recombination features. 

For fungal mitochondrial DNA sequences MitBASE 
represents a large number of known mutations and 
variants, the presence of mobile genetic elements and 
the variable length of both genes and mitochondrial 
genomes. 

The vertebrate data consist of a set of 'master' or refer-
ence sequences of various species and the variations 
present in these sequences. In addition to the informa-
tion normally found in the EMBL Nucleotide Sequence 
Database MitBASE includes the techniques used to 
determine variant sequence, the variations themselves, 
and information (e.g. geographical) about the popula-
tions and individuals sampled. 

At the EBI we receive data from the various nodes of 
MitBASE and these are then parsed into an ORACLE 
database. A Web interface allows both data submission 
and data retrieval. 

Visitors 

Reto Zanoni (University of Berne) was at the EBI for 9 
months analysing sequences of small ruminant 
lentiviruses. These viruses were found to show a level 
of sequence divergence comparable to those of other 
lentiviruses, for example the feline, simian and human 
immunodeficiency viruses, despite the fact that the 
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SRLV are thought to have an older evolutionary histo-
ry than these. As expected, the envelope genes of SRLV 
evolve faster than the pol or gag genes, indicative of 
positive immunological selection. A phylogenetic 
analysis of SRLV sequences showed a clustering into 
six clades, with clear indication of cross-species trans-
mission (which had not been suggested from classical 
epidemiological work). 

H. Hegyi (EMBL) worked at the EBI for four months 
building MODEX, The Modular Extracellular Data-
base. This is based on 47 previously documented extra-
cellular modules which tend to occur in extracellular 
proteins, in combination with other modules or in a 
repetitive fashion. For each of the 47 modules a multi-
ple alignment was constructed based on the search 
results of the widely used BLASTP program run for 
different representatives of the module families. The 
multiple alignments were used to generate HMM 
(Hidden Markov Model) profiles, which in turn were 
used as searching templates for the HMM search pro-
grams. The results of the searches were used to con-
struct MODEX, which contains all the protein 
sequences in the Nonredundant Protein Database 
(NRDB) that have at least one module of the 47 differ-
ent types identified by the HMM searches. MODEX 
has at present 17,489 protein entries. 

Michael Wise (University of Sydney) spent his sabbati-
cal year at the EBI. His main project was developing 
methods for the selection of unrelated sequence sets 
from protein or moderately sized DNA sequence data-
bases, creating large, N% nonredundant and represen-
tative databases. He also undertook a comparison of a 
number of sequence alignment algorithms and metrics 
derived from them. 
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Creating a functional network of databanks and analysis tools 

Group Leader: T. Etzold 

Scientists: G. Verde, P. Carter, D. Hansen 

Postdoctoral fellow: T. Coup aye 

Predoctoroal fellows: C. Notredame, D. Kreil 

Our group was established at the EBI in the beginning 
of 1997. The main work of the group is to develop 
novel methods for unified access and integration of 
databanks and analysis tools in molecular biology. 
Since the ASCII-text format is the only format that is 
universally supported by scientists in biology, we con-
centrate on databanks in flat file format and analysis 
tools that generate text as output. Linking all these 
resources not only enhances their individual accessibil-
ity but allows new types of analysis and their automa-
tion. We are continuing to develop the program pack-
age SRS (Sequence Retrieval System) for parsing, 
indexing, querying, viewing and linking independent 
textual databases, and for launching analysis tools and 
viewing their results. Its highly structured approach 
allows a new database or application to be added with-
in days. The key element of SRS is the Icarus 
(Interpreter for Commands And RecUrsive Syntax) 
language which we developed for specifying syntax 
and structure of all integrated resources. While for the 
last few years we have been 'victims' of the success of 
SRS in the sense that code maintenance, writing of 
manuals, and user and site administrator training took 
most of our time, we have now, with a recent increase 
in staff, the possibility to further explore the potential 
of our approach. 

The SRS program package 
(T. Etzold, G. Verde, D. Hansen) 

Our core activity is the maintenance and further devel-
opment of the SRS program package and its World 
Wide Web interface. In order to keep abreast of the 
growing size and number of the databanks in molecu-
lar biology, the individual parts of the package contin-
ually need to be revised or redesigned. For instance, 
we enhanced the Icarus parser to deal much more flex-
ibly with deeply nested structures within flat files such 
as sequence features in the SWISS-PROT and EMBL 
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databanks. Also, the WWW interface is currently being 
extended to allow permanent user sessions and their 
management. With the system being increasingly used 
and installed at other academic or commercial institu-
tions, the training of users and especially SRS server 
administrators took on prime importance. We have 
completed the distributed documentation to cover all 
aspects of server administration and given numerous 
WOI"kshops at the EBI and other institutions. 

Automation and integration of data analysis 
(D. Kreil, D. Hansen, P. Carter) 

There exist many computer methods or applications to 
search and analyse, for example, molecular biology 
sequence data. These applications are widely used by 
the bioinformatics community. Interfaces to these 
applications are difficult to create since the input 
parameters are heterogeneous, unstable and loosely 
defined; the output is mostly returned as text with a 
format that often changes with application revisions. 
Attempts have been made to homogenize this infor-
mation but there is still no universally accepted stan-
dard. 

SRS has been adapted so that it can describe, for an 
application, the command line options, the way the 
program needs to be launched, and the format of the 
output file which is generated. At the moment SRS 
supports about 10 to 20 analysis tools such as Fasta, 
BLAST or Clustal. Analysis tools are seen as "meth-
ods" that operate on databank entries. Each entry class 
such as protein sequences or multiple alignments has a 
well defined set of these methods. Since application 
results are treated as entries of an application-specific 
databank, they can themselves be submitted to anoth-
er program, thus allowing the construction of work 
flows. For instance, the result of the multiple sequence 
alignment can be submitted to a program that creates a 



profile or Hidden Markov Model which can be 
searched against a protein databank. We undertook an 
analysis of all publicly available programs ranging 
from similarity searching tools to programs for phylo-
genetic analysis and found that most programs give 
results that can be further processed. While some tech-
nical problems remain to be solved, we are confident 
that it is possible to integrate all these programs into a 
single system where they can be launched through a 
WWW interface or through a scripted language such as 
Icarus, Perl or Python either directly or through a 
CORBA server (see below). Access through a program-
ming language is a prerequisite for the autoation of 
complex work flows. 

The SRS object server 
(T. Coupaye) 

The current system can retrieve information only in 
text format, which is suitable for data browsing by 
humans but can not easily be processed by programs. 
A recent extension of the parser which is part of the 
Icarus language allows parsing and conversion of tex-
tual information into data objects. 

We believe there is a need for CORBA objects that pro-
vide remote access to flat file databanks so that appli-
cations can perform complex operations such as visu-
alizing or analysing data (e.g., DNA or protein 
sequence aligments, etc.), or storing data in relational 
or object-oriented DBMS. SRSOS (SRS Object Server) 
objects are CORBA wrappers for SRS servers. They 
provide access to flat file databanks managed by SRS 
through the use of loaders and present data access and 
query results as distributed objects. These objects are 
linked dynamically to SRS servers and convert data-
bank entries into objects based on some convertion 
schemes or loaders specifications. The end-user who 
writes the client application does not need any partic-
ular knowledge about the underlying application. The 
core of a SRSOS server is made of several common IDL 
interfaces which can be used to query the databanks, 
retrieve query results, launch analysis tools and inter-
rogate the meta information SRS has about its data-
banks and applications. 

The flat file databanks in molecular biology can be clas-
sified as semi-structured databanks since the informa-
tion they provide is often incomplete, redundant, or 
might contain formatting errors. 

A research institute or organization maintains only a 
subset of the (hundreds of) existing databanks. 
Databanks often exist in different versions. Each ver-
sion may offer different data and may use a format dif-
ferent from that of earlier versions. We believe that 
hand-coding CORBA IDL interfaces and implementa-
tions is a much too cumbersome and time-consuming 
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task. Especially for the sake of maintainability, a more 
elegant solution is to generate loader objects which 
convert information from the databanks provided by 
each particular organization into CORBA objects. 

Minimally only one very generic loader or Basic 
Loader (reminiscent of the Basic Object Adaptator of 
CORBA) is needed that can be used for converting any 
databank entry into a CORBA object. It provides basic 
information such as the identifier of the entry, the 
source databank and a very few basic operations such 
as linking this entry to another databank. In the same 
way, higher level services providing access to these 
objects and meta-information are also generic and can 
be pre defined. 

In SRSOS, we use a semi-generation approach: high 
level services and the Basic Loader are pre-defined 
while all other loader objects are generated. Loader 
objects are instances of a graph of IDL interfaces whose 
root is the basic loader interface. In order to generate 
loader objects, we need descriptions of some mappings 
(convertion schemes) or loader specifications from flat 
files databanks to CORBA objects. In a way, loader 
specifications export the capabilities of SRS databanks 
but the mapping mechanism we propose is much more 
powerful than that as it allows: 

Several loaders for one databank providing 
different views on this databank. There could be 
a default loader for each databank and then several 
other loaders (the Basic Loader can always be used, 
of course). 

Inheritance between loaders: all loaders inherit 
from the Basic Loader but other inheritance links 
can be created to define more and more specific 
loaders. 

Input from multiple databanks. 

Foreign attributes: an attribute of a loader for a 
given databank can be information from another 
databank. 

Composition links: an attribute of a loader can be a 
link to another loader. 

Computed attribute values. 

Loader specifications provide flexibility. They really I 
express views on databanks or virtual databanks, as 
the information provided by a loader can come from 
several distinct information sources. 

In our system, the language used for expressing loader 
specifications is Icarus but it could be any other 
(declarative) language. 
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The databank of databanks 
(D. Kreil) 

SRS servers have been installed at academic institu-
tions all over the world to give public access to copies 
of public databanks such as SWISS-PROT or PDB but 
also to selected in-house databanks. The sum of all 
these servers constitutes a system where some data-
banks are served in a highly redundant fashion and 
others are available from a single server. 
Redundancy is advantageous in times of internet con-
gestion since it gives a choice of nearby servers. It also 
provides alternatives in case the favourite server is 
unavailable or not up to date. The problem is to find 
alternative servers for a particular databank and com-
pare their status. To achieve this we developed a data-
bank of all SRS served databanks which is produced 
automatically every day. A special program makes 
daily polls of all known, major public servers, retrieves 
all databank descriptions and status information avail-
able for each, and compiles all into a databank of data-
banks that is subsequently indexed and made available 
for searching and browsing. This databank of data-
banks contains currently more than 1,000 descriptions 
of databanks from 35 servers with a total of about 240 
distinct databanks. 

Linking SRS to other query systems 
(P. Carter) 

In order to be made accessible through SRS, a databank 
in the current system must be stored locally in a flat file 
format and indexed. The advantage is that access is 
safer and faster since it is provided by the local server. 
Furthermore, the databank can be linked to other local 
databanks and insertion of hypertext links within 
entries of the databank is under control of the server 
administrator. He can choose to let them point to local 
databanks whenever possible. The disadvantage is that 
every new databank adds to the complexity of the 
overall system with an increase in need of storage 
space and maintenance effort. There are so many data-
banks available that it is impossible to copy them all 
unto a single site. 

A good compromise is to let the SRS query remote 
databanks, retrieve the results and treat them as an SRS 
databank belonging to the user. Even if the data and 
the query engine are at remote locations it would 
behave like a local databank for the user. 

The process involves the following steps: 

- Translation of the SRS query into the query Ian 
guage understood by the remote system (SQL, 
or simple keyword search). 

- Submission of the query to the remote server. 
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- Retrieval of the result and storage into a user 
owned directory. 

- Indexing and linking of the result databank. 

- Reformatting of individual entries on request. 

We implemented two extreme examples: a databank 
under Oracle, and Medline as available from the 
PubMed server at the NCB!. The main differences are 
the query languages: Oracle's SQL is clearly a superset 
of the SRS query language and that of the PubMed sys-
tem is a subset. Translation into a language with subset 
functionality is inherently a problem since the user 
may ask questions that cannot be answered by the 
remote query system. 

A useful feature that was not anticipated is the possi-
bility of launching remote queries in a batch queue and 
of further querying the result as a local databank. This 
deals elegantly with the slow response caused by slow 
internet connections, or that which might be inherent 
in the remote query system. 

This project will have an important impact on the over-
all system, since it will be able not only to integrate 
databanks stored locally but also those on other sys-
tems. A simple variant of that is to let distributed SRS 
servers cooperate and share their own databanks. 

Publications during the year 

Etzold, T., & Verde, G. (1997). Using views for retriev-
ing data from extremely heterogeneous databanks. 
Pac. Symp. Biocomput., 134-141 

Lehvaslaiho, H., Ashburner, M. & Etzold, T. (1998). 
Unified access to mutation databases. Trends Genet., 
14,205-206 

Software and WWW Servers 

The software, full documentation, and a list of all pub-
lic SRS WWW servers can be obtained at 
http://srs.ebi.ac.uk:5000;' 
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Classification of protein folds and families 

Group Leader: L. Holm* 

Visitor: Y. Kallberg* 

Dictionary of recurrent domains in protein 
structures 

The rapid growth in the number of experimentally 
determined three-dimensional protein structures has 
sharpened the need for comprehensive and up-to-date 
surveys of known structures. Classical work on protein 
structure classification has made it clear that a struc-
tural survey is best carried out at the level of domains, 
i.e., substructures that recur in evolution as functional 
units in different protein contexts. We have developed 
a method for automated domain identification from 
protein structure atomic coordinates based on quanti-
tative measures of compactness and, as the new ele-
ment, recurrence. Compactness criteria are used to 
recursively divide a protein into a series of successive-
ly smaller and smaller substructures. Recurrence crite-
ria are used to select an optimal size level of these sub-
structures, such that many of the chosen substructures 
are common to different proteins at a high level of sta-
tistical significance. The joint application of these crite-
ria automatically yields consistent domain definitions 
between remote homologs, a result difficult to achieve 
using compactness criteria alone. The method has been 
applied to a representative set of 1,137 sequence-
unique protein families covering 6,500 known struc-
tures. Clustering of the resulting set of domains yields 
594 distinct fold classes (Figure 1). The Dali Domain 
Dictionary (http://www.embl-ebi.ac.uk/dali/) not only 
provides a global structural classification, but also a 
comprehensive description of families of protein 
sequences grouped around representative proteins of 
known structure. The classification will be continuous-
ly updated and can serve as a basis for improved 
understanding of protein evolution and function and 
for evolving optimal strategies to complete the map of 
all natural protein structures. 

Removing redundancy from sequence 
databases 

To maximize the chances of biological discovery, 
homology searching must use an up-to-date collection 
of sequences. However, the available sequence data-
bases are growing rapidly and are partially redundant 
in content. This leads to an increasing strain on CPU 
resources and a decreasing density of first-hand anno-
tation. These problems can be addressed by clustering 
closely similar sequences to yield a covering of 
sequence space by a representative subset of 
sequences. We have derived a representative set where 
no pair of sequences has more than 90% mutual 
sequence identity. The representative set is derived by 
an exhaustive search for close similarities in the 
sequence database. In performing the search, the need 
for explicit sequence alignment is significantly reduced 
by applying deca- and pentapeptide composition fil-
ters. Our algorithm has been applied to the union of 
the Swissprot, Swissnew, Trembl, Tremblnew, 
Genbank, PIR, Wormpep and PDB databases. The all-
against-all comparison required to generate a repre-
sentative set at 90% sequence identity was accom-
plished in 2 days CPU time, and the removal of frag-
ments and close similarities yielded a size reduction of 
46%, from 260,000 unique sequences to 140,000 repre-
sentative sequences. The practical implications are (i) 
faster homology searches using, e.g., Fasta or Blast, I 
and (ii) unified annotation for all sequences clustered 
around a representative. As tens of thousands of 
sequence searches are performed daily, world-wide, 
appropriate use of the non-redundant database can 
lead to major savings in computer resources, without 
loss of efficacy. 
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Figure 1 

Population of domain fold types, weighted by the number of secondary structure elements (SSEs). Common names are listed for the ten 
most populated fold types. The number of member domains in a sequence-representative subset of the Protein Data Bank is shown in paren-
theses. Nearly 40% of secondary structure elements in the representative set are covered by only ten fold types. Each of the remaining fold 
types all cover less than 1 % of the total number of SSEs and are shown as merged slices. 
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Holm, L. & Sander, C. (1997). An evolutionary treasure: 
unification of a broad set of amidohydrolases related to 
urease. Proteins, 28, 72-82 

Holm, L. & Sander, C. (1997). Dali/FSSP structural 
classification of three-dimensional protein folds. Nucl. 
Acids Res., 25, 231-234 

Holm, L. & Sander, C. (1997). Decision support system 
for the evolutionary classification of protein structures. 
ISMB, 5, 140-146 

Holm, L. & Sander, C. (1997). Enzyme HIT. TiBS, 22, 
116-117 
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fold? Structure, 5,165-171 

Karplus, K., Sjolander, K., Barrett, c., Cline, M., 
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models. Proteins, Supp!., 1, 134-139 
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space with Dali/FSSP. Nuc!. Acids Res., 26, 316-319 
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Computational genomics 

Group Leader: C. Ouzounis 

Postdoctoral fellow: L. Rodriguez-Monge* 

Visitor: I. Rigoutsos* 

During the first year, we pursued activities in the fol-
lowing areas: CD metabolic reconstruction, (ii) genome 
analysis, (iii) cellular evolution, (iv) function classifica-
tion and (v) sequence pattern discovery. 

Metabolic reconstruction 
(with P. Karp, Pangea Systems) 

Currently, the methodology for metabolic reconstruc-
tion is confined to similarity-based approaches, where 
the query set is matched with the reference metabolic 
set and predictions are made on the basis of this com-
parison. However, it is well-known that various func-
tions can be realized by unrelated protein families. We 
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have explored ways of predicting the function of pro-
teins using machine learning, and in particular sym-
bolic rule induction. Not only we are able to learn 
properties of function with high accuracy, but we have 
also shown that rule induction contains very little 
information of sequence similarity (Figure I), thus out-
performing comparative methods when homology 
information is not available in a current data set. 

We are also exploring ways of extracting information 
from existing metabolic databases that can be used 
directly for metabolic reconstructions of, for example, 
relationships between enzymes, reactions, pathways 
and other entities stored in these systems. We are 

Level 2 D Level 3 II Level 4 

Figure 1 

Accuracy of learning whether a 
sequence codes for an enzyme or not 
(level 0) and its EC class numbers 
(levels 1-4): ML - machine learning; 
RND - random prediction - absolute; I 
RND2 - random prediction relative; 
SEQ COMP - sequence comparison. 

ML RND RND2 SEQCOMP 
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Figure 2 

Frequency counts of neighbouring genes belonging to nine functional classes in H. inJluenzae and E. coli. Genes belonging to the same 
class are more frequent than others (main diagonal). 

examining computational chemistry resources (data-
bases, algorithms) that may be useful in metabolic 
analysis for genomics (Lucia Rodriguez-Monge). 

In addition to this approach, we have also performed 
metabolic reconstruction for Methanococcus jannaschii 
(with Nikos Kyrpides), the first archaeal genome ever 
sequenced, updated the reconstruction for Haemophilus 
influenzae, the first complete genome ever sequenced, 
and finally we have devised and performed metabolic 
reconstructions for the Last Universal Common 
Ancestor (LUCA). (with Nikos Kyrpides) 

Genome analysis 
(with C. Sander, Millennium Information) 

We have continued our collaboration on the analysis of 
complete genomes, using GeneQuiz, a system for auto-
mated sequence analysis. Our particular contribution 
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is the benchmarking and quality control of the analy-
ses. We have shown that, for M. jannaschii, the agree-
ment between manual and automated analysis exceeds 
95%. This means that only a small proportion of total 
genome sequence data must be manually analyzed to 
identify false negatives or positives. 

Cellular evolution 
(with N. Kyrpides, University of Illinois) 

With complete archaeal genomes becoming available, 
it is now possible to reconstruct possible ancestral 
states for cellular evolution. We have previously devel-
oped a detailed and consistent model for the evolution 
of the three domains of life, and we are testing its valid-
ity with incoming genome sequence information. Yet 
another discovery in support of our model for the evo-
lution of the transcriptional apparatus is the identifica-
tion of bacterial 070 transcription factor DNA-binding 



domains in archaeal genomes. We are in the process of 
deriving the full repertoire of transcription-associated 
proteins for all known archaeal genomes. A review 
summarizing the various DNA-binding motifs in 
eukaryotic factors is instrumental towards this goal. 

Function classifications 
(with A Valencia, CNB Madrid) 

To automatically classifiproteins into functional class-
es, we have previously worked on a keyword-based 
mapping system, incorporated in GeneQuiz. To avoid 
overpredictions, the coverage of the current sets of 
known/ predicted functions is approximately two-
thirds. We are exploring new ways to classify proteins 
into functional classes automatically, because the key-
word-based approach is limited both by the availabili-
ty of existing functional annotations and the set of used 
keywords in the databases. One step towards this 
direction is the employment of sophisticated natural 
language processing algorithms which are able to 
detect and extract relevant information. Applications 
of function classification extend beyond the simple 
compositional comparison of genomes. For example, 
we have shown that functionally similar genes tend to 
cluster together in the related genomes of H. inf!uenzae 
and E. coli (Figure 2). 

Sequence pattern discovery 
(with I. Rigoutsos, IBM Research) 

By employing Teiresias, a powerful pattern-discovery 
algorithm developed at IBM, we have explored various 
sequence families and identified previously-detected 
and novel sequence patterns. Applications of this 
approach range from the automated detection of fami-
ly signatures, the identification of signals in unrelated 
families, such as nuclear localization signals, and the 
clustering of databases based on these sequence pat-
terns. Analyses show that the patterns discovered by 
Teiresias are are superior to any of the existing 
approaches and can prove to be instrumental for the 
efficient analysis of sequence databases. 

The fifth ISMB and the founding of ISCB 

It is worth mentioning that we have contributed 
towards the organization of the Fifth International 
Conference on Intelligent Systems for Molecular 
Biology 1997, which took place in Porto Carras, Greece. 
During the conference, the International Society for 
Computational Biology was founded. For more infor-
mation, see http://www.iscb.org. 
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gene pair fusion in eukaryotes. J. Mol. Evol., 45, 708-
711 

Ouzounis, C. & Papavassiliou, AG. (1997). DNA-bind-
ing motifs of eukaryotic transcription factors. In: 
Transcription Factors in Eukaryotes. Papavassiliou, 
AG. (ed.). MBIU Series, Landes Bioscience, pp. 1-21 

Perrakis, A, Ouzounis, C. & Wilson, K.S. (1997). 
Evolution of immunoglobulin-like modules in chiti-
nases: their structural flexibility and functional impli-
cations. Fold. Des., 2, 291-294 

Rigoutsos, I., Floratos, A & Ouzounis, C. (1997a). Case 
studies in pattern discovery without alignment-
results using the Teiresias algorithm. As: IBM Internal 
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Preliminary results on the discovery of patterns of 
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Rigoutsos, I., Floratos, A & Ouzounis, C. (1997c). I 
Preliminary results on the discovery of patterns of 
amino acids common to sequences of leghemoglobins. 
As: IBM Internal Report #RC20806 (92169) 
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Tamames, J., Casari, G., Ouzounis, C. & Valencia, A. 
(1997). Conserved clusters of functionally related genes 
in two bacterial genomes. J. Mol. Evol., 44, 66-73 

Other references 

Klenk, H.P. et al. (1997). The complete genome 
sequence of the hyperfhermophilic, sulfate-reducing 
archaeon Archaeogiobus fulgidus. Nature, 390, 364-370 

Kyrpides, N.C., Overbeek, R. & Ouzounis, C. (1998). 
Universal protein families and the functional content 
of the last universal common ancestor. J. Mol. Evol., in 
press 
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Genome analysis and protein structure 

Group Leader: C. Sander 

Staff Scientist: L. Holm* 

Postdoctoral fellows: M. Andrade, N. Brown, H. Hegyi*, C. Leroy*, C. Reich*, B. Rost 

Predoctoral fellows: A. Franchini*, S. Horsch 

Protein structure classification 

The FSSP database and its new supplement, the Dali 
Domain Dictionary, present a continuously updated 
classification of all known 3D protein structures. The 
classification is derived using an automatic structure 
alignment program (Dali) for the all-against-all com-
parison of structures in the Protein Data Bank. From 
the resulting enumeration of structural neighbours 
(which form a surprisingly continuous distribution in 
fold space) we derive a discrete fold classification in 
three steps: (1) sequence-related families are covered 
by a representative set of protein chains; (2) protein 
chains are decomposed into structural domains based 
on the recurrence of structural motifs; (3) folds are 
defined as tight clusters of domains in fold space. The 
fold classification, domain definitions and test sets for 
sequence-structure alignment (threading) are accessi-
ble on the web at www.embl-ebi.ac.uk/dali. The web 
interface provides a rich network of links between 
neighbours in fold space, between domains and pro-
teins, and between structures and sequences leading, 
for example, to a database of explicit multiple align-
ments of protein families in the twilight zone of 
sequence similarity. The Dali/FSSP organization of 
protein structures provides a map of the currently 
known regions of the protein universe that is useful for 
the analysis of folding principles, for the evolutionary 
unification of protein families and for maximizing the 
information return from experimental structure deter-
mination. 

As an example of evolutionary unification of protein 
families, we have discovered a striking resemblance of 
three-dimensional folds, despite low sequence identity, 
between the "histidine triad" alias HIT family of pro-
teins and galactose-I-phosphate uridylyltransferase 
alias GalT. Analysis of sequence and structure conser-
vation leads to the evolutionary unification of the two 

families, and to detailed functional predictions for HIT 
proteins (Figure 1). 

Validation of distant homology relationships 

The structures of nearly a thousand sequence-unique 
proteins represent only 300 different 3D shapes. Is 
structural resemblance between proteins with little 
sequence similarity the result of physical convergence 
to favourable folding patterns, or does it reflect a mem-
ory of common evolutionary history? Separating these 
two processes is important for organizing genome data 
in terms of protein families and for theoretical 
approaches to protein structure prediction by fold 

19uq A (GalT) lkpa A,B (PKO-l) 

Figure 1 

The PKCI-l protomer, a member of the HIT family, and the 
two subdomains of GalT appear to be three incarnations of an 
ancient functional core. 
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recognition techniques. Achieving separation requires 
a combination of structure, sequence and functional 
analysis of proteins. For this purpose, we are develop-
ing a decision support system that scans heteroge-
neous protein sequence and structure related databas-
es, and collects or computes characteristics indicative 
of common functional constraints. The criteria include 
sequence homology, analysis of 3D clusters of con-
served residues, conservation of active sites, and key-
word analysis of biolog[cal function. Even without 
extensive refinement, application of a combination of 
these criteria to a test set representing all currently 
known protein structures yields 87% coverage with 7% 
false positives, compared to 53% coverage by only 10 
sequence criteria. Thus, the semiautomatic prototype 
system significantly enhances the efficiency of unifying 
families of functionally related proteins in spite of long 
evolutionary distances. 

Protein fold recognition by prediction-based 
threading 

In fold recognition by threading, one takes the amino 
acid sequence of a protein and evaluates how well it 
fits into one of the known three-dimensional (3D) pro-
tein structures. The quality of sequence-structure fit is 
typically evaluated using inter-residue potentials of 
mean force or other statistical parameters. Here, we 
present a new approach to evaluating sequence-struc-
ture fitness (Rost et al., 1997). Starting from the amino 
acid sequence, we first predict secondary structure and 
solvent accessibility for each residue. We then thread 
the resulting one-dimensional (1 D) profile of predicted 
structure assignments into each of the known 3D struc-
tures. The agreement between predicted and observed 
structure profile is evaluated using statistical parame-
ters. The optimal threading for each sequence-struc-
ture pair is obtained using dynamic programming. The 
overall best sequence-structure pair constitutes the 
predicted 3D structure for the input sequence. The 
method is fine-tuned by adding information from 
direct sequence-sequence comparison and applying a 
series of empirical filters. Although the method relies 
on reduction of 3D information into 10 structure pro-
files, its accuracy is, surprisingly, not clearly inferior to 
methods based on evaluation of residue interactions in 

We therefore hypothesize that existing 10-30 
threading methods essentially capture not more than 
the fitness of an amino acid sequence for a particular 
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Figure 2 

GeneQuiz report. GeneQuiz can be used through 
the web as a server for protein functional analysis at 
http://www.sander.ebi.ac . uk/ genequiz/. 

10 succession of secondary structure segments and 
residue solvent accessibility. The prediction-based 
threading method on the average finds any structural-
ly homologues region at first rank in 30% of the cases. 
For the 17% first hits detected at highest scores, the 
expected accuracy raised to 70%. However, the task to 
detect entire folds rather than homologous fragments 
was managed much better: depending on the cut-off 
for what was regarded as an 'entire fold', the first hit 
was correct in 60-80% of all cases. The quality of the 
resulting 3D models crucially depends on the details of 
the sequence-structure alignments which can be inac-
curate in detail even in cases in which the correct fold 
is detected. 

MView 

MView is a tool for converting the results of a sequence 
database search into the form of a coloured multiple 
alignment of hits stacked against the query (Brown et 
aI., 1998). Alternatively, an existing multiple alignment 
can be processed. In either case, the output is simply 
HTML, so the result is platform-independent and does 
not require a separate application or applet to be 
loaded. 

Genome analysis 

We have developed a system for automatic genome 
analysis (GeneQuiz, see Figure 2). The system provides 
a framework into which different methods used for 
genome analysis can be plugged. It uses a set of data-

FUllctional information 
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bases updated daily, and integrates the results in a 
user-friendly display using the World Wide Web. 

In the framework of the EU yeast genome project, we 
have sequenced and analysed a fragment of 130 Kb of 
yeast chromosome XV (Voss et al., 1997). 59 non-over-
lapping open reading frames (ORFs), 3 tRNA genes, 4 
delta elements and one Ty element were found. 36% of 
the ORFs were already known at the time of the analy-
sis-including nucleoponn, Ras protein, RNA poly-
merase III and elongation factor 2. We find homology 
for 53% of the ORFs in the database. Main findings are 
a homologue to the human OCRL gene, an ADP ribo-
sylation factor, a protein with three C2 domains, and a 
homologue to a B. subtilis cell cycle protein. 

We have used GeneQuiz for the analysis of the 
Methanococcus jannaschii genome, the first complete 
sequenced archaeal genome (Andrade et al., 1997a). 
Comparison with two previous manual analyses (Bult 
et al., Science, 1996; Kyrpides et al., Microbial and 
Comparative Genomics, 1996) shows that although 
GeneQuiz is an automatic system, it gives high quality 
results. From a total of 1,682 chromosomal ORFs, the 
three groups were not able to assign a function in 848 
cases, and the same function was assigned in 622 cases. 
In 23 cases, GeneQuiz found new functions. 

Large-scale genome projects provide a large set of bio-
chemically uncharacterized, hypothetical ORFs (not 
necessarily expressed as proteins). In the case of the 
yeast genome, a cut-off of 100 amino acids has been set 
in order to report the ORFs in the database. As a result, 
many interesting smaller sequences may be lost. To 
check this possibility, we have analysed short ORFs 
from the yeast genome using a combination of a statis-
tical method based on biological sequence properties 
followed by a GeneQuiz analysis (Andrade et al., 
1997b). We report 10 new sequences-among them, an 
alcohol dehydrogenase, a ribosomal L36 protein, and a 
likely cell-cycle related protein. 

Following the sequencing of the complete yeast 
genome, we have scanned it for homologue sequences 
to Human Disease Related Proteins (HDRP) (Andrade 
et al., 1998). The yeast homologues can constitute good 
experimental models for the study of the disease. In 
order to characterize closely-related homologues, we 
check every human-yeast pair for closer human para-
logues to the yeast sequence. The automatic analysis of 
GeneQuiz was done for more than 600 HDRPs. We 
checked the yeast-pair relationships manually, concen-
trating the study on those cases where the yeast protein 
was of uncharacterized function, and especially where 
the relationship was very distant. 

The Hinxton Outstation 
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Analysis of protein structure, energetics and function 

Group Leader: s.}. Wodak 

Scientist: L. Wernisch 

Postdoctoral fellow: I. Alberts* 

Predoctoral fellow: R. Mancuso 

Visitor: K. Nadassy 

The group, established in summer-autumn of 1996, has 
undertaken activities in 3 areas. 

1) Analysis of protein-ligand interactions in structures 
deposited in the Protein Databank (POB). 

2) The representation of information on protein 
function and biochemical pathways. 

3) State-of-the-art optimisation algorithms applied 
to protein structure analysis and modeling. 

In the following we summarise progress achieved in 
these areas. 

Protein-ligand interactions in known protein 
structures 
(with I. Alberts and K. Nadassy) 

Our goal for this activity was three-fold: 1) improve 
our understanding of molecular recognition, 2) map 
biochemical function into the 3D and 10 structures of 
proteins, and 3) derive standard geometric parameters 
for ligands and protein-ligand interactions, which 
should help in processing and validating the structures 
of protein-ligand complexes at the archiving stage. 

The activities of our group in this area included testing 
several automatic procedures developed in Brussels 
and elsewhere to process the structural data on small 
molecules in the POB (recent versions of the POB con-
tain data for over 1,000 different small molecules). We 
organised two workshops to debate the problems 
involved in generating detailed descriptions of the 
chemical compounds (f.e. bond order, unique smiles 
notation), from the atomic coordinates. The workshops 
were attended by representatives from major pharma-
ceutical companies, partners of the EBI-Biostandards 
Programme. 
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In addition, we completed a detailed analysis of all 
zinc binding sites in a data set of high quality protein 
crystal structures in the POB (Alberts et al., 1998). Two 
categories of zinc sites were defined: one in which the 
bound zinc is part of the active site of enzymes and 
plays a role in catalysis (catalytic zinc), and another 
where the zinc plays only a structural role (structural 
zinc). For all of these sites we examined the ligation 
geometries and ligand types. Whenever possible, the 
characteristics of the protein zinc sites were compared 
to those of zinc complexes in the database of small 
molecule crystal structures (CSO). One of the salient 
results of this analysis is the almost universal presence 
of the zinc-His-elec motif (Figure 1). In this motif, an 
oxygen atom (denoted as 'elec') from a protein residue 

Figure 1 

Zinc binding site of thermolysin taken from PDB file STLN. This 
figure shows hydrogen bonding interactions which pull the zinc-
bound water away from the ion, resulting in a relatively large Zn-
O(w) distance. 



or a water molecule, hydrogen bonds to a zinc- bound 
His residue. Catalytic sites were found to contain a 
higher proportion of carboxyl-oxygen elec's, whereas 
structural sites contain a higher proportion of water 
oxygen elec's. Not too surprisingly, this suggests that 
the catalytic sites provide a geometrically more rigid 
and energetically more favourable zinc-binding frame-
work than the structural sites. The presence of the 
interactions with the elec atoms could also be linked to 
conserved amino acid patterns in the analysed pro-
teins. 

Representing information on protein 
function and biochemical pathways 
(with M. Eldridge and R. Mancuso) 

A second focus of our group concerned the issue of 
representing information on protein function and bio-
chemical pathways. Our interest in this area stemmed 
from the realisation that while significant efforts are 
being devoted world-wide to the development of data-
bases for genomic and protein sequences, and to data-
bases of macromolecular 3D structures, relatively little 
has been done so far concerning information on pro-
tein function, and very little is available to relate 
genome and protein sequence data to what is known 
about protein function, metabolic and other biological-
ly important pathways. The need for better descrip-
tions and handling of information on protein function 
also became apparent in discussions with participants 
from pharmaceutical industries attending our work-

Figure 2 

Three domains with minimum contact 
density in camphor 5-monoxygenase 
(PDB file IPHB) 

The Hinxton Outstation 

shops on protein-ligand interactions. 
With the encouragement of several industrial partners 
of the EBI-Biostandards projects, we set up collabora-
tions with 2 experts in the field: Dr. E. Selkov and his 

from Puschino, Russia, and Argonne National 
labs USA, who developed EMP, one of the most com-
plete existing collections of data on enzymes and meta-
bolic pathways, and Prof. Schomburg from Cologne, 
Germany, who developed BRENDA, another rich col-
lection of experimental data on all the enzymes 
presently classified. Dr. Selkov spent 6 months with 
our group at the EBI, between October 1996 and March 
1997. This period was devoted to laying down the 
foundation for the project on the PFMP database, now 
endorsed by three pharmaceutical companies 
(Hoechst-Marion-Roussel, Monsanto, and Zeneca), 
which will start in April 1998. 

The PFMP database will extend an existing collection 
of enzyme data (BRENDA) curated by Prof. D. 
Schomburg at the University of Cologne. Integrated 
with this information will be representations of meta-
bolic and regulatory pathways taken from a number of 
sources, underpinned by a consistent data structure. 

As part of this initiative, preparatory work in our 
group has focused on evaluation of potential commer-
cial object databases and prototyping of the database. 
The latter has been facilitated through use of the 
ENZYME databank, which maintains cross-references 
between enzymatically-catalyzed reactions and related 
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databases (for example, the SWISS-PROT protein 
sequence database). Like BRENDA, ENZYME is 
organised hierarchically based on the Enzyme 
Commission classification scheme. An object model for 
the ENZYME databank was constructed and class 
libraries representing the model were implemented in 
both C++ and Java. Client applications have been writ-
ten for populating, browsing and querying the data-
base. 

In addition, a biochemical pathway editor and visuali-
sation tool has been developed. This is a Java-based 
graphical tool which allows the user to interact with a 
diagrammatic representation of a pathway. The under-
lying data structure for the pathway will form part of 
the database object model. In ongoing work, the path-
way editor will be integrated fully with the object data-
base and will allow for the creation of new pathway 
diagrams to be stored in the database as well as the 
viewing and modification of existing pathways. 

State-of-the-art optimisation algorithms 
applied to protein structure analysis and 
modeling 
(with L. Wernisch) 

Our third area of activity deals with the application of 
state-of-the-art optimisation procedures to protein 
structure analysis and modeling. The first application 
we chose is the automatic identification of structural 
domains in proteins from the atomic coordinates. This 
is an old· and notoriously difficult problem which has 
recently attracted renewed interest because the classifi-
cation of protein folds, recently undertaken by many 
groups, relies heavily on the definition of protein 
domains. In our recent approach to this problem, 
weighted Voronoi diagrams are used to compute the 
interface areas between domains. This area is then 
used as a metric yardstick to quantify the interactions 
between groups of residues. We devised an algorithm 
that identifies the groups of residues (domains) which, 
when detached from each other (irrespective of chain 
connectivity), yield a minimum Voronoi interface area. 
Since this problem is NP-hard, we use a modified ver-
sion of the graph-theory Kernighan-Lin heuristics, 
hitherto not applied to this problem. When compared 
to the 787 domain definitions from the CATH classifi-
cation, our algorithm performs as well as the three best 
existing algorithms, which in contrast to ours, all apply 
ad hoc criteria based on secondary structure informa-
tion. A manuscript describing these results has been 
submitted for publication to the journal Proteins. 
Figure 2 illustrates the domains identified by our pro-
gram for the hexon protein, the major coat protein of 
adenovirus type 2 (PDB-code: Idhx). 
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Analysis, classification and prediction of protein topology 

Scientists: J.M. Thornton, D.R. Westhead 

The goals of this project are as follows: 

- To facilitate the inspection and comparison of 
protein structures, through a schematic 
representation of topology. 

- To develop a computer-friendly 'language' to 
describe topology. 

To use this language to annotate automatically 
protein structures and identify their different 
architectures. 

- To develop simple topology search tools. 

- To develop an algorithm to predict topology from 
sequence. 

Research progress to date 

The project began in July 1996 when David Westhead 
began making improvements to the TOPS program 
(Flores et al., 1994). This program, which draws protein 
topology cartoons, was not robust and could only 
interpret the simplest protein structures. Much effort 
was made to improve the algorithms for topological 
analysis and drawing (Westhead et al., 1998a), and the 
success rate in producing good cartoons was improved 
to 82% (Westhead et al., 1998b), from an estimated fig-
ure of less than 10%. 

The last year has been largely devoted to setting up the 
protein topology section of the EBI web site 
(http://tops.ebi.ac.uk/tops). The main content of the web 
site is an atlas of protein topology cartoons, which con-
tains a cartoon to represent every structure in the pro-
tein structure databank. These cartoons were created 
by the new version of the TOPS program. Setting up 
the atlas was viewed as part of the testing procedure 
for the new version of TOPS. Every cartoon has been 
manually inspected for correctness and re-drawn if 
necessary. The inspection work was carried out by 
Daniel Hatton, a summer student at the EBI. The atlas 
was released in October 1997 and since then has seen 
about 500 web accesses per month. 

Also available on the web site are information about 
protein structural topology, a literature review, and a 
topology cartoon "server". The server is a facility to 
which protein structures can be submitted for topology 
cartoon calculation by TOPS. Since its release in 
October, it has received about 50 requests per month 
for topology cartoon generation. The work on the pro-
tein topology web site has recently been published 
(Westhead et al., 1998a), so we expect usage will now 
increase. 

The web site makes extensive use of Java technology. 
Java applets conforming to both JDK 1.1 and JDK 1.0 
specifications are available for viewing, editing and 
labeling the topology cartoons that are in the atlas, or 
have been generated by the server. In addition, all the 
topology cartoons in the atlas have been made avail-
able as GIF files embedded in HTML pages in a Java-
free version of the web site. These pages have been 
linked in to the EBI's macromolecular structure data-
base pages for the relevant structures, and form an 
interesting added-value feature to this EBI service. 
There are also plans to link to the cartoons from other 
internationally-renowned web sites like Expasy. 

Future plans 

In the near future, we plan to create a relational data-
base containing the topological information that 
underlies the topology diagrams in the atlas. It is envis-
aged that this information will be useful in a number of 
new research projects, and the relational database will 
provide a convenient tool with which· to store and 
access the data. The database will be designed so that 
simple topological features will be searchable by 
queries written in SQL. 

Another short-term plan is to collaborate with Christos I 
Ouzounis of the EBI. We will bring expertise in protein 
structure to some of his existing work on the prediction 
of protein functional class. The current work uses 
sequence parameters and secondary structure for pre-
diction with machine learning algorithms. We hope to 
add some parameters relating to protein shape into this 
analysis. 
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In the longer term, we plan to use the relational data-
base described above for the automated assignment of 
protein structural architecture. This is the second level 
in the hierarchy of the CATH protein structure classifi-
cation (Orengo et al., 1997), and it is currently assigned 
manually. It is envisaged that the information held in 
the topology database will be sufficient to automate 
this assignment for a large proportion of structures. For 
more complicated structures, new pattern-recognition 
methods will have to be developed. 

Another project for the longer term is to provide more 
sophisticated search methods for the topology data-
base. Some work is already underway in collaboration 
with David Gilbert and is described below. 

External collaborations 

Dr. David Gilbert of City University is an EPSRC-fund-
ed visiting research fellow at the EBI. Since the begin-
ning of his fellowship, he has designed a formal lan-
guage to describe protein topology diagrams and pro-
tein topology patterns. This has been used as the basis 
of a search procedure for protein structural topology 
databases, which allows the user to define a topologi-
cal pattern and retrieve all database entries containing 
that pattern. The search algorithm has been imple-
mented in a constraint logic programming language, 
and is able to search a database of more than 15000 
entries in less than 2 minutes of CPU time. Future work 
on this project will involve machine learning of topo-
logical patterns and similarity searches of the database. 
A paper on the topological pattern searching facilities 
has been submitted (Gilbert et al., 1998), and a web 
interface to the system is available from the EBI protein 
topology web site. 
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MOUSE GENETICS PROGRAMME, MONTEROTONDO 

In 1995, EMBL joined an international collaborative effort to establish a research centre in Monterotondo, Italy, just 
north of Rome. The Monterotondo project is an assembly of international institutions which are expected to devel-
op into a major campus focusing on research and service activities in modern biology, especially mammalian biolo-
gy and biomedicine. EMBL committed itself to developing a high quality research programme of three groups work-
ing on mouse genetics. The EMBL Programme will operate alongside a major facility supported by the European 
Union-The European Mouse Mutant Archive (EMMA)-as well as the research groups belonging to the Italian 
National Research Council (CNR). 

One of EMBL's first goals at Monterotondo is to create a nucleus of high quality research groups which will help 
attract other scientists to the site during the developmental stages of the centre. Long term goals stem from a long-
standing EMBL principle: cutting-edge research, interacting with the staff of a service facility, is critical to the effi-
cient and practical development of a facility such as the mouse archive. EMBL research of course, will also reap 
rewards from such a dialogue. The CNR through its Institute of Cell Biology has also started to operate at the 
Monterotondo Campus in 1997. 

After the appointment of Klaus Rajewsky as Programme Coordinator on a part-time basis, the EMBL Monterotondo 
Programme begun with the appointment of Walter Wi'tke as a Group Leader, who started up his group in Heidelberg 
and moved to Monterotondo in Januay 1998. The appointment of Ulrich Kalinke as a Staff Scientist followed and the 
appointment of a third Group Leader in 1998 will complete the Programme. 

The development of a centre for Mouse Genetics appears timely and appropriate for European science. Advanced 
techniques of gene targeting allow the introduction of virtually any kind of mutation into any gene of the mouse, 
and the mutations can be introduced in a cell-type-specific and/ or inducible manner. A centre devoted to this kind 
of research should help Europe significantly to further approach biological problems in mammals. In an era of the 
genome project there is an increased need for the functional analysis of genes in vivo, and in medical research genet-
ically tailored model of human diseases are already playing a key role. 

The Monterotondo Programme is a step forward for Southern Europe, and the EMBL branch of the campus wishes 
to contribute significantly to this new activity. To do so, we keep close interaction with the Institute of Cell Biology 
of the CNR and with EMMA which is an independent organisation. 
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Actin binding proteins and cell motility in mouse 
development and physiology 

Group Leader: W. Witke 

Postdoctoral fellows: J. Sutherland, H. Stoeffler* 

Predoctoral fellows: A. Di Nardo, R. Gareus* 

Assistants: C. Gurniak 

The role of the actin cytoskeleton in cell 
motility 

The actin cytoskeleton is intimately involved in regu-
lating cell motility, cell shape, cell polarity, and signal 
transduction. How the actin cytoskeleton participates 
in these processes is a fundamental question in cell 
biology. 

'" 
Figure 1 

Our focus is to understand the mechanisms by which 
actin binding proteins regulate the reorganization of 
the cytoskeleton during cell motility and other cell 
functions (Figure 1). We are combining biochemical 
techniques to analyze the components of the actin 
cytoskeleton with the genetic approach of manipulat-
ing the expression of these components in transgenic 
mice. The analysis of knockout mice for different actin 

actin depolymerization 
- gelsolin 
- cofilin 
-ADF 

Motile cells reorganize the cortical actin cytoskeleton at the leading edge. Reorientation of the cell requires activation of mechanisms 
which lead to depolymerization of filamentous actin and de novo formation (polymerization) of filaments at the membrane. Proteins 
involved in the regulation of actin depolymerization are gelsolin, cofilin, and ADF. Profilins plays a role in actin polymerization at the 
membrane. 
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binding proteins allows us to learn about the physio-
logical relevance of certain aspects of cell motility and 
might help us to better understand phenotype related 
disorders in men. Cell lines from transgenic mice are 
used to elucidate the link between alterations of the 
cytoskeletal organization and the observed pheno-
types. 

Mutant mice for actin binding proteins of the 
gelsolin family 

We have generated mutant mice lacking gelsolin, the 
predominant actin filament severing protein found in 
mammalian cell extracts. Homozygous mutant mice 
are viable and show no obvious defects. However, the 
physiological responses of platelets, neutrophils, 
fibroblasts and neuronal cells are altered in the mutant 
mice. Gelsolin mutant mice display prolonged bleed-
ing times, the inflammatory response of neutrophils is 
delayed, and wound healing is altered (Witke et ai., 
1995). The retraction of growth cones is severely 
impaired in cultured hippocampal neurons suggesting 
that rapid actin depolymerization is an important fac-
tor for efficient collapse of the growth cone during 
reorientation and neuron pathfinding. 

In an inbred background, embryos homozygous for 
the gelsolin mutation die between day 15 and day 18 
indicating that the lack of gels olin cannot be compen-
sated in animals with a certain genetic pre-disposition. 
The gels olin mutation is an example for a mutation 
which affects the actin cytoskeleton and cell function in 
a very specific way, altering the resistance of the ani-
mal to stress, without affecting the viability under pro-
tected laboratory conditions. 

In addition to gelsolin, we have also generated mutant 
mice for the gelsolin homologue capG, and double 
mutants for capG and gelsolin. The phenotypes of 
these mutant mice are currently analyzed. 

Cofilin and ADF: actin depolymerizing 
factors in mammalian cells 

Early embryonic development proceeds apparently 
without delay in gelsolin null mice. However, exten-
sive actin reorganization is necessary in order to allow 
the cell movement observed in early development. 
Biochemical analysis of embryonic stem cells lacking 
gelsolin failed to identify an early expressed, gelsolin-
like actin filament severing protein (Witke et al., 1995). 
However, actin filament capping proteins and high 
expression of cofilin were detected in these cells. 
Although cofilin is not a classical severing protein it 
destabilizes actin filaments and induces rapid depoly-
merization which could in vivo account for the depoly-
merizing activity needed for rearranging the actin 
cytoskeleton in motile cells. In mouse two related 
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genes exist, cofilin and ADF (actin depolymerizing fac-
tor). 

Christine Gurniak has started to examine the role of 
cQfilin and ADF in mouse. Expression studies in mouse 
tissues and developing embryos suggest that cofilin 
and ADF have cell specific functions although bio-
chemically they are very similar. Cofilin is expressed 
throughout development and particularly high levels 
can be found in brain while the onset of ADF expres-
sion is postnatal in stomach and gut. Using the cre-loxP 
recombinase system we generated ES-cells with a con-
ditionally targeted cofilin allele. Currently chimaeras 
derived from these ES-cells are tested for germline 
transmission. We also generated a cofilin null ES-cell 
line which is viable and can be used to examine cofil-
in's role in certain cellular processes. The knockout of 
ADF and generation of an ADF-Cre mouse strain is in 
progress. 

Role of profilin I for the integrity of the actin 
cytoskeleton and early embryonic 
development 

Reorganization of the actin cytoskeleton requires 
depolymerization of filaments by gels olin, cofilin, and 
ADF as well as nucleation of actin polymerization at 
the leading edge of the cell (Figure 1). There is evidence 
that profilin plays a key role in regulating actin poly-
merization at the membrane. In vitro profilin binds to 
monomeric actin in a 1:1 complex and this interaction 
is regulated by PtdInsP2• Profilin can function as an 
ATP nucleotide exchange factor for actin and thereby 
promote polymerization. In vitro profilin binds tightly 
to poly-L-proline and recently proteins containing 
poly-L-proline rich domains (VASP, MENA) have been 
identified as profilin binding proteins. 

We have started to examine the in vivo function of pro-
filin 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, unpub-
lished). Homozygous mutant embryos die before the 
blastocyst stage. 

James Sutherland has introduced different point muta-
tions into the profilin I gene which affect actin binding, 
PtdInsP2 binding and poly-L-proline binding. The 
mutations will be introduced into the mouse genome 
using homologous recombination, in a way that the 
point mutations can be activated by tissue specific or 
developmental specific expression of the Cre-recombi-
nase. This will allow us to dissect the functional role of 
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the individual domains in a mammalian system in a 
tissue dependent manner. In vitro analysis of mutant 
cells isolated from the mice will help to elucidate the 
functional aspects of profilin I on the cellular level. 

Profilin II: a brain specific profilin form 

Profilin II is expressed specifically in brain. 
Biochemically, there a]?pears to be no major difference 
between profilin I and profilin II, except a 4-5 times 
lower binding affinity of profilin II for actin 
(Gieselmann et al., 1995). The function of profilin II in 
brain is not understood yet. We have started to address 
this question by searching for binding partners in brain 
tissue. In collaboration with Matthias Mann's group at 
EMBL we have identified dynamin I, synapsin, rho-
depend end coiled-coil kinase, and HEM2 as profilin II 
binding proteins in vitro. Ralph Gareus is analyzing the 
functional relevance of these interactions with profilin 
II. There is growing evidence that the actin cytoskele-
ton is playing an important role for membrane traffick-
ing in neuronal cells and our finding might point to 
profilin as a link between the actin cytoskeleton and 
the membrane. 

Figure 2 

The expression of profilin II in brain suggests a specif-
ic role for this isoform in the developed brain. To reveal 
the in vivo function of profilin II, Alessia Di Nardo is 
generating conditional knockout mice for profilin II. 
The exact expression pattern in neuronal tissues will be 
studied by lacZ insertion into the profilin II locus as 
well as by in situ hybridization. 

Analysis of motility associated processes in 
cells from knockout mice 

In order to understand the mechanisms by which a 
mutation in the actin cytoskeleton disturbs cell behav-
ior and in the end the organism, it is essential to study 
motile activities of cells. We employ GFP (green fluor-
escent protein) coupled to actin, profilin, and cofilin to 
visualize the dynamics of these proteins in vivo using 
high resolution video microscopy. Hannse Stoeffler has 
developed a software specifically designed to track 
and quantitate cell movement (Figure 2). We are using 
this setup to analyze motile responses such as chemo-
taxis, ruffling, and spreading of cells isolated from 
knockout mice. We are particularly interested in the 
motile behavior of macrophages and neutrophils. 

Shape changes of a macrophage (A). Tracking of a neutrophil upon stimulation with a chemoattractant (B). The pattern recognized 
by the tracking software UIl Gobbone u is indicated by the white line. The acquired parameters allow to calculate speed, orientation, 
chemotactic index, etc. 
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